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ABSTRACT 
 
Miscanthus spp. are woody, perennial and rhizomatous grasses which have potential for high 
growth rates. The rapid growth and high biomass yield of Miscanthus spp. with low fertilizer 
inputs make it a genus of interest for the production of biofuel.  It is already used for heat and 
electricity production. Four developmental stages were detected in Miscanthus giganteus stems 
over the growing season in field collected material using light microscopy and data obtained 
from the measurement of stem heights, length of internodes and biomass yields. M. giganteus 
tissues attained ‗maturity‘ by October-November after which, no further cell wall development 
was observed. These growth stages were used as a basis to study development of lignification in 
M. giganteus at different harvesting times. Early-harvested material of M. giganteus was 
observed to be immature having very low lignin content with subsequent development and 
increase in lignification in different cell types. At the time of maturity (October-November), the 
crop acquired its maximum degree of lignification. Development of tissues and lignification also 
differed conspicuously at different heights in the stem. Upper internodes of the stem appeared 
immature with lower lignin content whilst basal internodes were more mature and highly 
lignified. Development of tissues and lignification within the stem of M. giganteus proceeded 
acropetally. 
 
Saccharification yield analysed using NREL protocols fluctuated with growth stage and degree 
of lignification throughout the season. Saccharification yield was highest at the beginning of cell 
wall expansion stage (July), lower during August-September, higher at cell wall thickening stage 
(October) and then was lowest during maturation and senescence (November to January). 
 The bottom internodes with thick cell walls showed higher glucose yield after saccharification 
than the upper internodes in which cells were still elongating and expanding. Saccharification 
levels and patterns in M. giganteus did not vary substantially at different geographic locations 
and observation from the flowering species Miscanthus sacchariflorus and Miscanthus sinensis 
(as well as on the main material of the study M. giganteus which is non-flowering) also showed 
that the seasonal saccharification yield, particularly the characteristic reduction in 
saccharification yield, was not due to a pseudo flowering in M. giganteus. Taken together, the 
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results of saccharification at different harvesting time and at different heights in the stem over 
one growing season suggest October to be the ideal month to harvest the crop for enzymatic 
glucose release. 
 
Enzymatic degradation by the action of cellulase enzymes on different tissues and cell types in 
27 µm transverse sections of M. giganteus stem was also studied under light microscopy from 
early-, mid- and late-harvested materials. Early-harvested material in July (immature and less 
lignified) showed the highest rates of cell wall decay, whereas late-harvested material in 
November and January (mature and with high degree of lignification) showed a low degree of 
cell wall degradation. The most readily degradable tissues were the phloem, followed by 
parenchyma and fibre cells. The cortex and epidermis were found to be recalcitrant to the 
enzymes. However, thin cross section (2 µm) of embedded material showed some evidence at 
high resolution of degradation of sclerenchyma, fibre cells and some cortex cells under the 
epidermis. 
 
Starch levels determined at different times over one growing season and at different heights in 
the stem showed significant influences of stem age and geographic location. Different locations  
influenced the concentration of starch. The starch concentration was not uniformly distributed 
throughout the plant and was higher in mature (bottom) internodes than younger (upper) 
internodes. 
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Plate 3.19: 2 year Study; Development of lignifications at different months in 2007-08. 27 μm 
sections were stained with Lignin Pink, and then counterstained with Chlorazol Black. Scale 
Bars show 100 μm in Year 2007 and 180 μm in Year 2008. 
Plate 3.20: 2 year Study; Development of lignifications at different months in 2007-08. 27 μm 
sections were stained with Periodic Acid Schiff. Scale Bar shows 180 μm. 
Plate 3.21: Study of anatomy of 2 μm section in July. (a & b) stained with safranin. (c & d) 
stained with TOB, & Fucshin Basic. (e, & f) stained with Acridine. (g & h) Periodic Acid Schiff 
reaction. Scale bars show 180 μm. 
Plate 3.22: Study of anatomy of 2 μm section. (a & b) stained with safranin. (c & d) stained with 
TOB, & Fucshin Basic. (e & f) stained with Acridine. (g & h) Periodic Acid Schiff reaction. 
Scale bars show 35 μm. 
Plate 3.23: Lignin Histochemical Colour reactions with Maule Color. 27 μm transverse sections 
of different months in Year 2007-08. Scale bar shows 180 μm. 
Plate 5.1: Pieces of IN-2 in water (a, c & e) and universals of cellulase mix buffer (b, d & f) for 
7 days at 50 
OC and then 25 μm transverse sections were cut and stained with Safranin and 
Alcian Blue. The cells of the tissues exposed to water were intact (a, c & e) and those exposed to 
the enzyme mix shows degradation of tissues in phloem tissue and secondary cell wall in the 
parenchyma cells. Scale bar shows 40 μm in (a & b) and 2 μm (c, d, e & f). Arrow shows 
degradation of tissues. 
Plate 5.2: Pieces of IN-2 in water (a, c & e) and universals of cellulase mix buffer (b, d & f) for 
12 days at 50 
OC and then 25 μm longitudinal sections were cut and stained with Safranin and 
Alcian Blue. The cells of the tissues exposed to water were intact (a, c & e) and those exposed to 
the enzyme mix shows degradation of tissues in parenchyma cells. Scale bar shows 40 μm in (a 
& b) and 2 μm (c, d, e & f). Arrow shows degradation of tissues. 
Plate 5.3: Pieces of IN-2 in universals of cellulase mix buffer (a, b, c & d) for 3 days at 50 
O
C 
and then were embedded in LR white and 2 μm transverse sections were cut and stained with 
Safranin. The cells of the tissues exposed to the enzyme mix shows degradation of tissues in 
parenchyma cells. Fibre cells showed jagged and serrated surfaces from the inside showing the 
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degradation of secondary cell wall. Scale bar shows 40 μm in (a) and 2 μm (b, c & d). Arrow 
shows degradation of tissues. 
Plate 5.4: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 3 days at 50 
O
C and vascular bundles studied under light microscopy. Scale bar shows 40 μm. 
Arrow shows degradation of tissues. 
Plate 5.5: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 3 days at 50 
O
C and parenchyma cells studied under light microscopy. Scale bar shows 40 
μm. Arrow shows degradation of tissues. 
Plate 5.6: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 7 days at 50 
O
C and vascular bundle studied under light microscopy. Scale bar shows 40 μm. 
Arrow shows degradation of tissues. 
Plate 5.7: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 7 days at 50 
O
C and parenchyma cells studied under light microscopy. Scale bar shows 40 
μm. Arrow shows degradation of tissues. 
Plate 5.8: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 15 days at 50 
O
C and vascular bundles studied under light microscopy. Scale bar shows 40 
μm. Arrow shows degradation of tissues. 
Plate 5.9: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 15 days at 50 
O
C and parenchyma cells studied under light microscopy. Scale bar shows 40 
μm. Arrow shows degradation of tissues. 
Plate 5.10: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 25 days at 50 
O
C and vascular bundles studied under light microscopy. Scale bar shows 40 
μm. Arrow shows degradation of tissues. 
Plate 5.11: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 25 days at 50 
O
C and parenchyma cells studied under light microscopy. Scale bar shows 40 
μm. Arrow shows degradation of tissues. 
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Plate 5.12: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 25 days at 50 
O
C and then stained with safranin and counterstained with Alcian blue and 
vascular bundles studied under light microscopy. Scale bar shows 40 μm. Arrow shows 
degradation of tissues. 
Plate 5.13: 27 μm Transverse sections exposed to cellulase enzyme preparations and incubated 
for 25 days at 50 
O
C and then stained with safranin and counterstained with Alcian blue and 
parenchyma cells studied under light microscopy. Scale bar shows 40 μm. Arrow shows 
degradation of tissues. 
Plate 5.14: Pieces of IN 2 exposed to cellulase enzyme preparations, incubated for 3 days at 50 
OC, removed from incubator and thin slices of piece embedded in LR white resin, and then 2 μm 
TS were cut and stained with safranin and studied under light microscopy. Scale bar shows 150 
μm. Arrow shows degradation of tissues. 
Plate 5.15: Pieces of IN 2 exposed to cellulase enzyme preparations, incubated for 7 days at 50 
OC, removed from incubator and thin slices of piece embedded in LR white resin, and then 2 μm 
TS were cut and stained with safranin and studied under light microscopy. Scale bar shows 150 
μm. Arrow shows degradation of tissues. 
Plate 5.16: Pieces of IN 2 exposed to cellulase enzyme preparations, incubated for 15 days at 50 
O
C, removed from incubator and thin slices of piece embedded in LR white resin, and then 2 μm 
TS were cut and stained with safranin and studied under light microscopy. Scale bar shows 150 
μm. Arrow shows degradation of tissues. 
Plate 5.17: Pieces of IN 2 exposed to cellulase enzyme preparations, incubated for 25 days at 50 
OC, removed from incubator and thin slices of piece embedded in LR white resin, and then 2 μm 
TS were cut and stained with safranin and studied under light microscopy. Scale bar shows 150 
μm. Arrow shows degradation of tissues. 
Plate 5.18: 2 μm TS of thin slices of degraded tisse of July stained with safranin and studied 
under light microscopy. Scale bar shows 100 μm. Arrow shows degradation of tissue. 
Plate 6.1: Lugol‘s reaction for detection of starch granules from CS 408 in 2008. 35 μm TS were 
stained with Lugol‘s solution. Scale Bar shows 180 μm. 
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Plate 6.2: Lugol‘s reaction for detection of starch granules from CS 408 in 2008. 35 μm TS were 
Stained with Lugol‘s solution. Scale Bar shows 50 μm. 
Plate 6.3: Lugol‘s reaction for detection of starch granule from the site CS 408 in 2008. 35 μm 
TS and 27 μm LS were stained with Lugol‘s solution. Scale Bar shows 150 μm in (a & b) and 35 
μm in (c, d, e & f). 
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CHAPTER 1 
Introduction 
 
1.1 Project background 
 
The non-renewable fossil fuels that provide energy for heat, electricity, and transportation are 
expected to run out during the latter half of the 21
st
 century, and the major disadvantage of 
nuclear energy resources is that the waste produced from it remains hazardous for many 
centuries. There is therefore a growing interest in the production of transport fuels such as 
ethanol from renewable resources such as bioenergy crops (biofuel crops). Miscanthus has been 
identified as the ideal bioenergy crop during the early 1990s (Rutherford and Heath, 1992). 
Efficient conversion of radiation to biomass, high dry matter yield, efficient use of nitrogen and 
water, perennial growth and good pest and disease resistance make it the best energy crop for 
second generation biofuels. 
 
Miscanthus species are woody, perennial, rhizomatous grasses which have the potential for very 
high rates of growth. They may be familiar to many as a flowering garden ornamental, but it is 
the non-flowering forms that are of interest agriculturally. The forms of Miscanthus currently 
grown for biomass (Miscanthus sacchariflorus and Miscanthus giganteus), seldom flower in the 
UK because of their short day length demand and possibly an accumulated thermal time 
requirement. Many other species, however, notably the many varieties of Miscanthus sinensis, do 
flower readily in the UK. Miscanthus shoots emerge from the rhizomes in spring (March to May) 
and canes produced in the summer are harvested during winter (usually February/March). Every 
year, this growth pattern is repeated for the lifetime of the crop, which will be at least 15 years.  
 
At the moment, M. giganteus is being used for electricity and/or heat production in the UK by 
direct combustion. The use of M. giganteus for the production of biofuel (bioethanol) has been 
limited and relatively little investigation made of its potential for ligno-cellulosic bioethanol 
production. However, with its low management inputs, growing agronomy database and 
relatively high biomass yield potential its use as a feedstock for bioethanol production is 
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becoming of interest.  A comprehensive developmental and chemical study of the stem shoots of 
M. giganteus would provide further valuable information to help define its potential for 
bioethanol production. 
 
Globally, each year about 1.7 - 2 × 10
11
t of plant biomass are produced on land of which 1.5 - 1.7 
×10
11
t are estimated to be plant cell walls (Duchesne and Larson, 1989). Secondary cell walls are 
generally composed of cellulose (40-50%), hemicellulose (20-30%), and lignin (20-30%), and 
are therefore referred to as lignocellulosic feedstock. Cellulose comprises glucose moieties and 
represents an abundant renewable biomaterial (Ding and Himmel, 2006; Doblin et al, 2002; 
Saxena and Brown, 2005; Scheible and Pauly, 2004). The major hemicellulose in grasses is 
glucuronoarabinoxylan. Lignin is a three dimensional polymer formed by the oxidative coupling 
of three hydroxyl cinnamyl alcohols. Lignin concentration is generally recognized as the main 
factor negatively correlated with cell wall digestibility.  
 
The lower temperatures in autumn trigger senescence and the translocation of reserves to below 
ground parts of the Miscanthus plant. However, senescence and leaf fall between September and 
harvest in March, may result in a 30% loss of above ground dry matter and, potentially, a 
reduction in stem ‗quality‘ for the production of biofuel (bioethanol). The stem fraction contains 
the bulk of the above ground carbohydrate in Miscanthus, so optimising the acquisition of this 
biomass via informed timing and mode of harvesting and approach specifically for bioethanol 
production is expected to increase the value of this crop for biofuel production. This study will  
explore the biochemical and histological parameters of Miscanthus spp. over the growing 
seasons and the potential for glucose release from the cell wall material by enzymatic 
saccharification.  
 
1.2 Objectives: 
 
The following are the targets for this research:- 
1) To characterise any effects of differences in stem of Miscanthus spp. ‗quality‘ over the 
growing season for the production of bioethanol.  
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2) To undertake a detailed anatomical/ultrastructural study of samples from different 
monthly intervals and different regions in the stem e.g. heights, internodes at different 
times in the growth cycle in order to investigate anatomical development stages of cell 
wall by light microscopy. 
3) To study development of lignification by using different histochemical staining reactions 
with respect to anatomical developmental stages of shoot of M. giganteus, and by 
quantification of lignin and finally corelating these results with sugar yields after cell 
wall saccharification over the growing season.  
4) To investigate enzymatic degradation of plant cell wall of different tissues and cell types. 
5) To investigate changes in starch, and carbohydrate content with the help of staining, and 
chemical assays at different harvesting months. 
6) To develop a working model for understanding the optimal stem qualities of M. giganteus 
for bioethanol production based on histochemical staining reactions and saccharification  
sugar yield, with chemical composition of plant cell wall.  
 
1.3 Structure of Thesis 
A general introduction is presented in chapter 1. A review of literature in chapter 2 starts with a 
general background of the genus Miscanthus and its biology including origin, taxonomy and 
botany of the crop. Literature on growth stages and development of relevant crops to Miscanthus 
spp. is presented complemented with a section on development of lignification in shoots of 
Miscanthus spp.. Then it focuses on chemical composition, cell wall characteristics and 
saccharification of biomass from crops closely related to Miscanthus spp. The effects of season 
and different locations within the stem on stem attributes is presented for crops relevant to 
Miscanthus spp.  
 
In Chapters 3 to 6, the experimental work of the thesis is presented with the detailed discussion 
section at the end of each chapter. Growth and anatomical developmental stages of M. giganteus 
is described in Chapter 3 which also includes development of lignification of crop stem at 
different monthly intervals and at different internodes of the stem. Four developmental stages of 
crop have been characterised including work on the measurement of stem height and individual 
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internodes length and total biomass yield of the crop. Development of lignification has been 
described on the basis of developmental stages of the crop. 
 
Study on enzymatic saccharification and cell wall characteristics is presented in Chapter 4. This 
includes cell wall saccharification of M. giganteus at different monthly intervals throughout the 
growth season in year 1 and year 2 and saccharification of different internodes within the stem of 
crop. Effect of different climatic sites and different species of Miscanthus on the production of 
saccharification is also presented. Variation in the chemical composition of biomass across the 
time of maturity of the crop has also been presented at the end of this chapter. 
 
Chapter 5 deals with the enzymatic degradation of cellulose of different tissues and cell types 
observed in the cross section of stem of M. giganteus harvested at different months. In situ 
investigation of degradation of cell walls observed by the light microscopy is described and in 
addition, cell wall degradation of thin sections (2 µm) is also presented after saccharification of 
stem internodes samples. Effect of incubation length and harvest month and their interactive 
effect on the degradation of parenchyma and fibre cells estimated by light microscopy is also 
described in this chapter. 
 
 Chapter 6 describes the effect of different harvest month on the production of starch in M. 
giganteus. This is presented by doing both qualitative and quantitative determination of starch 
and then comparison is also included. This chapter also comprises the effect of different 
locations and different internodes of stem on starch yield. Effect of different anatomical 
developmental stages on the production of starch at monthly intervals is also described. 
 
The overall main findings of this thesis are presented in general discussion section in Chapter 7 
which also includes a working model representing a correlation of growth stages and 
lignification development with cell wall saccharification, starch production and degradation of 
different tissues and cell types. 
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CHAPTER 2 
Review of Literature 
 
A comprehensive review of literature has been undertaken regarding objectives of this study. 
This review covers four main aspects. The first two parts deal with the general background of 
genus Miscanthus, the third part concerns the histochemical staining to understand the 
developmental stages of anatomy and to visualize the process of lignification, and lignin 
deposition. The fourth part focuses on chemistry of cell wall of closely related crops to 
Miscanthus spp.. The next part concentrate on the enzymatic saccharification and cell wall 
characteristics and the last part deals with the effect of different harvesting time, climatic sites, 
different heights of crop stem on the production of starch in plant.  
 
2.1 Miscanthus 
Miscanthus is a genus of 19 species of perennial grasses which are native to tropical, and sub-
tropical regions of Africa, and southern Asia. It is the sterile hybrid between M. sacchariflorus 
and M. sinensis which has been trialed since the early 1980‘s as a biofuel crop in Europe. The 
genus Miscanthus is in the grass family Poaceae and belongs to the tribe Andropogoneae. It can 
grow to 3 m in height in one growing season. It takes 2-5 years to reach full maturity. Expected 
production cycles 15-25 years before replanting is required. It is very economical, and ecological 
plant. Linde-Laursen  (1993) described that M. giganteus was introduced by Aksel Olsen during 
1935 in Europe and observed to have exceptionally vigorous growth. 
 
Greef and Deuter (1993) reported that  M. giganteus is propagated vegetatively either with 
rhizome cuttings or by micropropagation. Clifton-Brown et al. (2001a) described that 
Miscanthus gene pool was created by combining collections directly from Asia and material 
already made available in Europe by German, Danish, and Swedish breeders.  Bullard et al. 
(1995) reported 20-44 t  dry.wt. ha
-1
  per year the biomass production of these species, and 
observed the crop height was in excess of 3 m. Field trials of M. giganteus on large scale were 
carried out in  northern Europe, described by Schwarz et al. (1994) showing the capacity of this 
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genotype for yields more than 20 t dry matter ha
-1
 per year. The simplest possible use of M. 
giganteus is to burn the plant to heat, and for production of Biofuel. Kilpatrick et al.  (1994) 
reported that M. giganteus is a strong candidate as a new crop suited to the set aside scheme 
which received considerable attention as a Biomass source for renewable energy production and 
as raw material for cellulose and paper industry. 
 
2.2 Biology of M. giganteus  
M. giganteus is an erect, rhizomatous, perennial and very cold-tolerant warm season grass that 
exhibit a C4 photosynthetic pathway. As a sterile hybrid it produces no seed, it must be 
propagated vegetatively. The general appearance of the plant is that of a loose bunchgrass, but it 
will spread slowly via short rhizomes (horizontal underground stems) that can form dense stands. 
Stems are 2 to 4 metres tall with 150 cm deep roots. 
 
2.2.1 World habitat and distribution of Miscanthus spp. 
The genus Miscanthus originates from South-east Asia. Its geographical distribution is from 
tropical, sub-tropical, and temperate parts of Southeast Asia to the Pacific islands and it grows 
from sea level to altitudes of at least 3000 m. Miscanthus species are native to Japan and the 
Philippines, India, East Asia, Malaysia, and Polynesia, and extends to Portugal, UK, Africa, 
Canada, USA, with a few species occurring in Africa. Four species are native to Southern Africa 
and two to Himalaya. "The tall ‗cane grasses‘ in New Guinea (Saccharum and Miscanthus) have 
been developed anthropogenically with forest clearing" (Moore, 1964). It has been observed that 
interspecific hybridization is common and gives rise to many sterile hybrids (Scally et al., 2001). 
M. giganteus is distributed in tropical and subtropical areas and throughout much of Europe. it is 
generally considered to be a weed of disturbed areas (Holm et al., 1979; Scally et al., 2001).  
 
2.2.2 Origin and taxonomy of M. giganteus 
The genus Miscanthus belongs to family Poaceae. Aksel Olsen introduced M. giganteus in 1935 
from Japan (Yokohama) to Denmark. This hybrid was cultivated by Karl Foerster and named as 
M. sinensis ‗Giganteus‘ Hort. Later on, it was propagated and distributed to some European 
countries.  On the basis of some evidence, it is said that this hybrid is a result of a cross between 
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M. sinensis and M. sacchariflorus (Greef and Deuter, 1993 ; Hodkinson et al., 1997; Linde-
Laursen, 1993). M. giganteus has an amphidiploid type of origin based on its cytological and 
morphological studies (Adati and Shiotani, 1962). High basic number of M. giganteus shows that 
it was derived from two different ancestors, one with ten chromosomes in Saccharininae and the 
other with nine in Eulaliininae (Adati and Shiotani, 1962 ; Li et al., 1961; Linde-Laursen, 1993). 
Miscanthus spp. not only hybridise with the species of its own genus but also with other related 
Genera like Saccharum. These complications make it difficult to resolve the taxonomy of the 
genus Miscanthus and its individual species.  
 
At Trinity College, Dublin, collection of a wide range of species, hybrids, and cultivars of genus 
Miscanthus from various botanic gardens and research institutes throughout the world was 
carried out to study it‘s taxonomy. Hodkinson et al. (1997) concluded that morphological 
assessment was impractical due to low level of information it provides, and time consuming to 
screen genotypic variation within the genus. They carried out sequencing of the nuclear and 
plastid regions (ITS, 5S and trnL-F) to study the direct assessment of genetic diversity. They 
distinguished monophyletic group (including M. sinensis, M. floridulus, M. oligostachyus and M. 
sacchariflorus originated from Southeast Asia) from African Miscanthus spp. and M. fuscus 
from Assam-Thailand on the basis of their results from sequencing of ITS region. They also 
mentioned that it is impossible to differentiate more closely related Miscanthus spp. due to lack 
of sequence divergence within the African region. 
 
Hodkinson and Renvoize (2001) published nomenclature of M. giganteus by providing a Latin 
diagnosis and a designated type specimen according to rules of international code of Botanical 
nomenclature. They reported that M. giganteus is an allotriploid (2n=3x=57) with genomes from 
M. sinensis and M. sacchariflorus using DNA sequences of ITS region of nuclear ribosomal 
DNA and AFLP fingerprinting. 
This species has been classified in the section Triarrhena (Greef and Deuter, 1993). Many 
taxonomists described its different species such as imperata, erianthus, saccharum and eulalia. 
The genus Miscanthus is a member of tribe Andropogoneae, and included in sub-tribe 
Saccharineae. ―The genus Miscanthus is included in  the Saccahrum complex (Saccharum, 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Review of Literature Page 31 
 
Erianthus, Sclerostachya, and Narenga) due to the close relationship to Saccahrum‖ (Daniel and 
Roach, 1987). 
 
2.2.3 Taxonomic hierarchy of M. giganteus 
Taxonomic classification of M. giganteus is given below: 
Domain: Eukaryota 
Kingdom: Plantae 
Sub-Kingdom: Viridaeplantae 
Phylum: Magnoliophyta 
Subphylum: Euphyllophytia 
Infraphylum: Radiatopses  
Class: Liliopsida  
Subclass: Commelinidae  
Superorder: Poanae 
Order: Poales 
Family: Poaceae 
Subfamily: Panicoideae 
Genus: Miscanthus- Andersson, 1856 
Specific epithet: giganteus 
Botanical name: Miscanthus giganteus 
 
2.2.4 Classification of M. giganteus 
The genus Miscanthus has been classified into following four sections (Adati, 1958; Lee, 1964a; 
Lee, 1964b; Lee, 1964c). 
Genus Miscanthus Andress 
Section I. Triarrhena HONDA (2X-6X) (Honda, 1930) 
  M. sacchariflorus (MAXIM.) BENTH    
  M. ×giganteus  GREEF et DEU.     
Section II. Eumiscanthus HONDA (Honda, 1930)    
  M. sinensis ANDERSS(2X) 
  M. floridulus (LABILL.) WARB. (2x) 
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  M. condensatus HACK (2x, 3x)    
  M. tinctorius (STEUD.) HACK   
Section III. Kariyasua   OHWI ex HIRAYOSHI (2x-6x)   
  M. oligostachyus STAPF 
  M. intermedius (Honda) HONDA       
  M. changii LEE    
  M. tinctorius  (STEUD.) HACK        
Section IV. Diandra KENG (2x-?) 
  M. nepalensis (TRIN.)HACK. 
  M. eulaiodes KENG 
  M. szechuanensis KENG 
  M. brevipilus HAND.-MAZZ 
  M. nupides (GRIESEB.)HACK 
Others 
  M. taylorii BOR       
  M. wardii BOR   
  M. flavidus HONDA     
  M. transmorrisonensis HAY. 
As the basic chromosome number found within the genus is 19, so there exists a regular meiosis 
behaviour with 19 bi-valents in species with a number of 2n=38, and irregular meiosis behaviour 
with uni and multi-valents in hybrids and polyploids. The Miscanthus genus has polyploidy in a 
range of 2x to 6x (Adati, 1958; Adati and Mitsuishi, 1956; Adati and Shiotani, 1962 ; Hirayoshi 
et al., 1959; Li, 1951; Takizawa, 1952). 
 
Greef and Deuter (1993) found the same somatic chromosome set throughout the plant material 
collected from the original species of Aksel Olsen, and some more plants from different 
localities of Europe. Triploid chromosome set of M. giganteus points to its hybrid origin. This 
species resembles M. sacchariflorus and M. sinensis with respect to the inflorescence and the 
leaf anatomy. It also shows an intermediate type of rhizome between the extremes of M. 
sacchariflorus and M. sinensis. Greef and Deuter (1993) reported that M. giganteus is to be 
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grouped in the section Triarrhena on the basis of anatomical and morphological characters of this 
species and they proposed that it is a natural hybrid between M. sacchariflorus and M. sinensis. 
 
2.2.5 Botany of Miscanthus 
Hodkinson and Renvoize (2001) reported that M. giganteus is a tufted rhizomatous grass having 
erect, solid, slender to robust culms with  basal or cauline leaves. They found linear and flat leaf 
blades. They observed paired, and pedicelled spikelets. Greef and Deuter (1993 ) also described 
morphlogical and anatomical description of M. giganteus.  They observed the gross morphology, 
leaf epidermis, leaf cross section and inflorescence of M. giganteus. 
 
2.2.5.1 Gross morphology 
Greef and  Deuter (1993) observed primordia of roots and aerial branches at lower internodes, 
and they reported that leaf blades were flat, linear more than 50 cm long, more than 3 cm wide, 
Ligules truncated with hairs (2-3 mm) on the apical nodes, node without hairs. 
 
2.2.5.2 Leaf epidermis 
Greef and Deuter (1993) studied the leaf morphology, and stated that stomata are present on both 
sides of leaf surfaces, and epidermal cells were strongly waved. They observed dome shaped 
subsidiary cells, and some triangular cells as well. They observed that bicellular micro hairs were 
only present on adaxial leaf surfaces, and micro hairs were 70-80 µm long, and basal cells were 
30-40 µm long. They reported that papillae were present on abaxial leaf surfaces in intercostals 
rows, and were 10-15 µm long and wide. Tall silica bodies were also observed between and over 
the viens by them. They reported that leaves are 250 µm long and 100 µm wide. They observed 
that vascular bundles were round shaped having more or less a sheath of parenchyma cells and 
bundle caps were narrower than bundles. 
 
2.2.6 Photosynthetic light interception by M. giganteus 
It has been observed that the dry matter production of many crops is directly related with the 
quantity of photosynthetic active radiation. Maximum conversion efficiency in biomass for C4 
crops is also 40% higher than that of C3 crops, and the total PAR of M. giganteus was 5% higher 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Review of Literature Page 34 
 
than other cool temperate C4 grasses, and 83% of solar radiation was trapped by M. giganteus 
(Long and Beale, 2001; Monteith, 1978). It has been studied that N fertilisation had no effect on 
light interception over 3 years, nevertheless reductions in light interception would occur in the 
absence of N fertilisation in the longer term (Long and Beale, 2001). 
 
Long and Beale (2001) reported that there was insufficient heterogeneity in M. giganteus plots to 
allow other species to grow in the gaps making weed control was un-necessary in the first year of 
growth. ―The excellent light interception observed for the trials M. giganteus in Europe may in 
part reflect the current diseases and pests, however, BYDY (Barley Yellow Dwarf Virus) has 
affected some stands and significantly decreased leaf area growth‖ (Christian et al., 1994). 
 
The quantity and energy content of individual plant organs determines the overall energy content 
of the whole crop.  It is reported that the mean energy content of the above ground dry matter is 
18.4 MJ/kg, and energy value of the crop including roots, rhizomes and leaves was 18.1 MJ/kg. 
It has been observed that leaves of M. giganteus grown at 12
0
C, and 15
0
C showed the same 
photosynthetic capacity. However growth at 8
0
C showed a 50% reduction in photosynthesis 
capacity giving a threshold for impairment of the photosynthetic apparatus between 8
0
C and 
12
0
C (Long and Beale, 2001). Fifty percent reduction of quantum yield M. giganteus was 
observed after exposing it to high light which also caused more than a 50% reduction in the 
maximum efficiency of photosystem II. Although M. giganteus can form photosynthetically 
competent leaves down to 8 
0
C, and growth temperature down to 12 
0
C does not have any effect 
on its photosynthetic activity. This suggests that threshold for photosynthesis and development 
of the photosynthetic apparatus in M. giganteus is 3-5 
0
C which is below than that of maize. 
High light use efficiency of M. giganteus is due to its capability to carry out photosynthesis at 
low temperatures significantly (Long, 1999). 
 
2.2.7 Nitrogen dynamics 
High nitrogen use efficiency is associated with the C4 photosynthetic pathway (Long, 1983). 
Seasonal variations in the concentration of nitrogen of above ground matter (leaves and stems) of  
M. giganteus have been examined at the Writtle College Farm, UK and LWG, Germany, where 
highest nitrogen concentrations in leaves and stem were found at the beginning of the growing 
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season, and then N concentration was decreased in the above ground dry matter, and decreased  
more at the time of senescence (Jodi et al., 1996). Similar results were found in M. giganteus and 
M. sinensis in Western Denmark by Jorgensen (1997). Nitrogen concentration in the rhizome 
was less than in the leaf or stem, and showed a general pattern of decline from emergence until 
mid-summer and then increased through to the end of the growth season until February. N 
concentrations in the roots were lower than those in the rhizomes (Beale and Long, 1997).  
 
There was an increase in N content from 0 to 25.3 g m
-2
 in above ground matter from the start of 
growing season until July of which 9% was provided by rhizome, and the remaining was from 
soil reserves (Beale and Long, 1997). The percent of total N found in the rhizome at the time of 
harvest, and the percentage that is potentially available in the rhizome for the following year‘s 
growth was 58%. Nitrate losses were negligible (0.1g m
-2
) through leaching (Beale and Long, 
1997). The nitrogen concentration observed in above ground dry matter of M. giganteus were 
lower (15-30%) as compared to reported concentrations (20-50%) of C4 crops Maize. The low 
concentration in the shoots of M. giganteus at the time of harvest was due to translocation 
(efficient nutrient recycling) (Long and Beale, 2001). 
 
2.2.7.1 Effect of different nitrogen rates on growth and yield of  
          M. giganteus 
Christian et al. (2008) investigated the effect of N fertilisation on stem numbers per plant, stem 
height and yield of M. giganteus over the 10 years, and concluded that nitrogen rates (60-120 kg 
N ha
-1
 yr
-1
) had no significant effect on number of stems. During the first year of growth number 
of stem were maximum with the average 32 stems per plant, and then this trend gradually 
decreased in the following years. But in each year, they have seen that different treatments of N 
had no remarkable difference in the number of stems per plant. They observed that different N 
fertilisation rates had no effect on stem height of the crop except in year 9. They also studied the 
effects of N rates on yield. They stated that average dry matter yield in year 1 was low, and 
increased in subsequent years until year 7, and then slightly decreased in year 8 and year 9, and 
again increased in year 10. But overall they found no significant effect of nitrogen rates on yield 
of M. giganteus. Relationships between rainfall, temperature, and yield were also examined, and 
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they found no significant relation amongst these three parameters. The average yield recorded 
was 17.9 t ha
-1
.  
 
Similar trends of decline in stem number with increasing years was also reported by Clifton-
Brown and Lewandowski (2002). Clifton Brown et al. (2001b) also did not find any remarkable 
influence of N application rates on stem height of M. giganteus during the first two years of the 
growth. Overall, nitrogen fertiliser application rates appear to have very little effect on biomass 
yield of M. giganteus (Himken et al., 1997). Schwarz and Liebhard (1994) carried out 
experiments at two Austrian sites and showed that while different N fertilisation rates did have a 
significant effect on biomass yield  in some years they did not in others. They concluded that the 
highest yield with N fertilisation was consistently obtained with maximum rainfall (844 mm y
-1
). 
Trials in Greece and Italy also showed highest biomass yield with N fertilisation with the high 
rate of irrigation (Christian et al., 2001). 
 
2.2.7.2 Nutrient uptake 
Christian et al. (2001) reported that at the time of the beginning of active growth, shoots of M. 
giganteus emerged from buds on the rhizomes. The rhizome is a storage organ which aids initial 
growth until the stem and leaves start to produce assimilates. They have taken measurements at 
Rothamsted, UK, and noted that maximum N and K uptake occurs in September while maximum 
P uptake occurs in July. Himken et al. (1997) reported that the amount which can be mobilised or 
re-mobilised from rhizome to stem and vice versa was in the range of 21-46% for N, 36-50% for 
P, 14-30% for K and 26% for Mg. Christian et al. (2001) reported the nutrient off take in the 
biomass of M. giganteus calculated during the 3
rd
 year of growth at Rothamsted, UK, and noted 
that each tonne of dry matter contained 8.14 kg N, 0.69 kg P, and 8.74 kg K.  
 
2.2.8 Water use efficiency of M. giganteus 
Theoretically, C4 species have higher water use efficiency than C3 species (Long, 1983).  Long 
and Beale (2001) reported that M. giganteus is able to use a large quantity of water (9329 m
3 
ha
-
1
) to produce the yield of 31.6 t ha
-1
. Beale (1996) concluded on the basis of his trial on M. 
giganteus at Writtle College UK, by abstracting water both from irrigated and non-irrigated 
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farms that irrigation reduced the water use efficiency of the crop by 18%. Similar results were 
also found in the university of Catania where higher irrigation rates reduced the water use 
efficiency (Long and Beale, 2001). Despite high water use efficiency, M. giganteus gives good 
response to additional water supply due its high production of biomass. Beale et al. (1999) 
carried out analysis of water use efficiency of M. giganteus, and concluded that in order to 
achieve the yield of 30 tonnes per ha, 500 mm of water is required during the growing season.  
 
2.2.8.1 Effect of different levels of irrigation 
Christian et al. (2001) observed that irrigation rates were found to affect plant height from late 
June to end of the growth phase and had also a significant effect on leaf area index (LAI). They 
further reported that irrigation rates significantly increased the number of leaves per shoot and 
yield of M. giganteus as it has also been studied that doubling the irrigation rates might result in 
dry matter yield increase of 10-30%. They also noted that, at higher irrigation rates, a remarkable 
effect of N on yield of M. giganteus was found and there was no need of additional irrigation 
under high ground water table. So water supply is a principal determinant influencing the plant 
height, number of leaves, leaf area index, and dry matter yield. 
 
2.2.9    Temperature requirements of M. giganteus 
The rates of leaf expansion, canopy development, length of growing season, and dry matter yield 
of M. giganteus are known to be affected by ambient temperatures. In the trials of the M. 
giganteus Productivity Network, it was observed that ambient temperatures influence the growth 
and development of M. giganteus, and regulate the length of the growing season. Low 
Temperature strongly limits leaf expansion of M. giganteus with a threshold of 5-10
0
C. Yield of 
M. giganteus is also limited by very low temperature, so temperature is one of the main 
determinants for the productivity of M. giganteus (Christian et al., 2001). 
 
2.2.10  Soil preferences 
Hotz (1996) conducted research to determine the soil preferences of M. giganteus, and concluded 
that soil type and soil quality are most important determinants for the productivity of this species. 
The most ideal soil for this species is medium textured such as sandy or silty loam, with a good 
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aeration, and high water holding capacity, and organic matter. It has been observed that on a 
shallow soil during long hot summers maximum yield is not achieveable. Cold and heavy water 
logged soils (clayey) are not suitable for this crop. On sandy soils with low water holding 
capacity, growing is possible, however yields obtained on such soils were low. M. giganteus can 
be grown well on soils where maize is normally grown well with maximum yield. The optimum 
pH range for M. giganteus is 6.1 to 7.8. 
 
2.2.11 Propagation of Miscanthus spp. 
Normally Miscanthus species can be propagated by seeds, vegetative propagation (Klimeš et al., 
1999), and by micro-propagation by using tissue culture of explants. Commercial propagation by 
seeds in Europe is not suitable because of the short growing period of Miscanthus spp. to 
produce ripe fertile seeds. However, vegetative propagation by rhizomes or rhizome cuttings by 
direct planting in the field is well adapted in Europe. Huismen and Kortleve (1994) carried out a 
comparative study on emergence rates from different rhizome pieces, and concluded that 
rhizome pieces planted immediately after harvesting from the mother plant had emergence rates 
of 70-95%, whereas those rhizome pieces which were stored before planting had emergence rates 
of 50-60%. It is also reported that planting of rhizomes of fresh weight more than 5 g, within a 
short time after harvesting resulted in 91-98% emergence rates. The Danish Institute of 
Agricultural Sciences conducted a comparative study between propagation by mechanical 
rhizome establishment and establishment of propagated plantlets of M. giganteus, and M. 
sinensis at Foulum in 1993. It was reported that survival of plants propagated by mechanized 
rhizome planting were 2.9 times higher than those done by plantlets, and dry matter production 
of plant established by rhizome planting was 12.8 times higher than those propagated by 
plantlets. Winter survival of the plants from rhizome established was also significantly higher 
than others. This suggests that rhizome established planting propagation techniques of M. 
giganteus is effective. Rhizome size, planting depths, and the storage prior to planting are factors 
found to affect the establishment and winter survival (Christian et al., 2001). The ideal time for 
rhizome planting is from March until May. Christian et al. (2001) recommended that from 1 ha 
of mother plant, 10-20 ha of new M. giganteus can be planted.  
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2.2.12 Weed control 
Christian et al. (2001) reported that as the initial growth of M. giganteus in the 1
st
 year is slow, it 
reduces its ability to compete with weeds and so weed control is necessary at this stage. 
Mechanical weed control is very suitable to get rid of weeds at this stage. However, a range of 
herbicides can also be used for weed control. In subsequent years, weed interference is 
suppressed when M. giganteus achieves maximum vigour. Bullard et al. (1996) reported that any 
herbicides which are appropriate for weed control in cereals should be suitable for M. giganteus. 
Keeping this all under consideration, expenditure on weed control should be carefully calculated 
and minimised (Speller, 1993). 
 
2.2.13 Pests and Diseases of M. giganteus 
Miscanthus spp. are resistant to pests and diseases. No disease has been found that can cause 
serious damage to M. giganteus but some diseases which do affect other graminaceous plants can 
also affect this species. Clifton-Brown (1997) observed Fusarium in Ireland in M. giganteus. The 
aphid transmitted Barley Yellow Dwarf luteovirus (BYDY) has also been reported in the UK  
(Christian et al., 1994). Yamashita and Nonaka (1985) reported the presence of Miscanthus 
streak virus in Japan. 
 
2.3 Growth and development of M. giganteus 
Kaack et al. (2003) studied the developmental pattern of stem internodes of M. giganteus, and 
summarized that the intensity of vascular bundles (VB) in the TS of stem of M. giganteus 
internode decreased from the epidermis towards the internal part of the stem which has the 
highest density of parenchyma cells. They also reported that cells around the VB are rich in 
lignin and cellulose content. An earlier account on the anatomy of rhizomes in M. saccahriflorus 
was given by Sangster (1985). To date, little research has been dedicated to the anatomy of M. 
giganteus. No information is available with respect to the developmental stages of anatomy of M. 
giganteus stem cell. However, considering closely related species, a comprehensive account of 
the developmental anatomy of Bamboo has been made by Gritsch (2003). She identified four 
developmental stages in Dendrocalamus asper regarding different internodal positions of the 
stem. She concluded that shoots developed basipetally, and there was also a basipetal pattern of 
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development in each individual internode. He et al. (2000) categorised fibre cell development in 
Bamboo into four stages - cell differentiation, elongation, thickening, and 
maturation/lignification. Schertz  et al. (1977) conducted anatomical study of sorghum and, 
reported distinct differences in terms of the number and thickness of lignified cells contributing 
to the epidermis, the sclerenchyma ring, and vascular bundles. Bleecker et al. (1986) conducted 
comparative anatomical study from air grown, and submerged rice, and described development 
patterns in the internodes with three zones of internodal development. Kaufman and Adams 
(1965) observed a basipetal growth pattern in internodes of Avena sativa. They reported that cell 
division and cell elongation were overlapping processes during the earliest stages of internodal 
development. 
 
2.3.1 Temporal developmental stages of M. giganteus 
 Crow (2000) defined three stages of fibre and parenchyma development in Bamboo. The first 
stage comprises cell division in both cell types. Second stage involves elongation in which 
parenchyma cells continue to divide but fibre cells start to elongate. During the 3rd stage, both 
cell types elongate. Gritsch and Murphy (2005) included a maturation stage after elongation in 
addition to three stages described by Crow. Hui et al. (2009) have characterised six elongation 
stages and three reproductive stages in switch grass. 
 
Gritsch et al. (2004) showed a gradual pattern of increasing thickness in the cell walls of fibres 
which were adjacent to the outer part of xylem and phloem caps of vascular bundles from stage 
of division, elongation and up to maturation, cells have reached their maximum thickness 
potential. 
 
It was thought that primary wall consist of cell wall microfibrils randomly arranged in a single 
layer (Parameswaran and Liese, 1976), but later on Crow (2000) found that primary wall in 
Bamboo were deposited initially in an axial orientation, but later on a transverse microfibril 
layers superseded this initial layer, suggesting that primary walls may comprise two layers.  
 
There is a difference of opinion about the deposition of secondary cell wall material. Some 
authors observed that secondary cell wall starts deposition after the cell has stopped elongating 
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(Brett and Waldron, 1996; Wardrop, 1964). But it is also mentioned in many reports that 
secondary cell wall deposition might begin before the cessation of cell expansion (Abe et al., 
1997; Juniper et al., 1981; Schubert et al., 1973). It has also been reported that processes of cell 
expansion and elongation slows down and are stopped due to the deposition of secondary cell 
wall (Abe et al., 1997; Gritsch and Murphy, 2005) . Hui et al. (2009) have seen increase in 
thickness of cell wall from first elongation stage to last elongation stage, and all the cells were 
well developed and lignified at this late elongation stage of E4. 
 
2.3.2 Spatial developmental stages of M. giganteus 
Development of tissues within the internode proceeds basipetally (Gritsch, 2003; Hsiung et al., 
1982; Hui et al., 2009). Hsiung et al. (1982) stated that the earliest stage of development is 
dominated by cell division at the top of the internode which is followed by cell elongation and 
maturation. During elongation which commenced at the top of the internode the bottom part was  
undergoing division and at the maturation stage, cells at the upper portion of internode started to 
mature whilst those at base may still be elongating. But at final stage when whole internode is 
mature. Hsiung et al. (1982) indicated that the overall height growth of a bamboo shoot is 
achieved acropetally by successive extension and development of internodes while the  growth 
activity within the internode proceeds basipetally. 
Sarath et al. (2007 ) also reported that parenchyma cells have thin cell walls with less developed 
secondary cell wall in the upper (youngest) internodes of switchgrass stem, whereas basal 
internodes exhibited remarkable cell wall thickening suggesting that development of tissue 
within the stem proceeds acropetally. Gritsch (2003) has observed similar results in Bamboo.   
 
2.3.3 Development of lignification 
Stem is considered as preferred material to investigate lignin and cell wall digestibility in grasses 
and legumes (Buxton and Russell, 1988; Engels and Jung, 1998; Vailhe et al., 2000). The effect 
of maturity stage of plant on lignin content and cell wall digestibility have been reported for 
various grass species (Besle et al., 1994; Jung, 1989). 
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2.3.3.1 Lignin and phenylpropanoid biosynthesis 
Lignin is chemical compound found in plant tissues and is a group of insoluble polymers of 
aromatic alcohols (phenolic residues) which provide significant strength to the cell wall. Lignins 
are derived mainly from three hydroxycinnamyl alcohol monomers which differ in their degree 
of methoxylation, p-coumaryl, coniferyl, and sinapyl alcohols (Freudenberg and Neish, 1968).  
These monomers produce p-hydroxyphenyl H, guaiacyl G, 5.hydroxy guaiacyl (5 OHG) and 
syringyl S units which incorporate into the lignin polymer. In grasses (monocots), guaiacyl and 
syringyl units are incorporated at comparable levels, whereas more hydroxyl guaiacyl units are 
incorporated in dicots (Baucher et al., 1998). Lignin biosynthesis is an end product of the 
phenylpropanoid pathway, a major biosynthetic pathway responsible for the production of many 
important molecules and intermediates in plant cells (Yamamoto et al., 1989). 
 
 
  
Figure-2.1: The phenylpropanoid pathway leading to lignin biosynthesis. Adapted from (Boerjan et al., 2003) 
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2.3.3.2 Temporal development of lignification in stem 
There is a difference of views about the development of lignification in Bamboo. Some authors 
have reported that lignification is completed in the first growing season (Itoh, 1990; Itoh and 
Shimajii, 1981), however, Lin et al. (2002) noted that lignification proceeds up to the first year of 
growth, especially in fibre and parenchyma cells, and might continue up to seven years.  
Chemical constituents and lignin increased from one to three years of age (Mohd Nor et al., 
1992.). Li et al. (2007) reported higher lignin content in three to five year old bamboo plants than 
at one year with the maximum degree of lignification in the year 3 when fibre thickness reached 
a  maximum. They also reported that with the gradual development of lignification process, 
fibres thicken from juvenility to maturity. 
 
The lignin content varies remarkably depending on environmental factors and the developmental 
stages in switchgrass (Hui et al., 2009). They found that lignin content increased with increasing 
plant maturity between first elongation stages to last elongation stage. Chen et al. (2002) found a 
drastic increase in lignification from the elongation stage to cell wall thickening stage in tall 
fescue and also reported that lignin content increased from the younger (upper) to the basal 
(lower) internodes. There are a large volume of studies on lignin and maturation effects on cell 
wall digestibility at different time points in grasses (Burns, 1997; Steg et al., 1994). Chen et al. 
(2002) observed a major increase in lignification in when Tall fescue reached to the reproductive 
stage from elongation stage and decrease in lignin content from the basal to the upper internodes. 
 
Chen et al. (2002) also studied anatomically the development of lignification at different plant 
stages and concluded that structural changes in the stem during development were associated 
with the increase in lignin content and decrease of cell wall digestibility. They also described that 
walls of highly lignified cells are much thicker than parenchyma cells and their cell wall dry 
mass comprise a significant part of the stem biomass. 
 
2.3.3.3 Spatial development of lignification in stem 
Gritsch (2003) found that overall lignification begins first in the basal internodes of the stem and 
proceeds upwards to the higher, later developing internodes (acropetally). Hui et al. (2009) also 
observed lower lignin content at the top section of the stem than that of basal part of stem. They 
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didn‘t find any difference in lignification in different part of the single internode in late 
elongation stage like E4. Sarath et al. (2007 ) also reported that parenchyma cells have thin cell 
walls with less developed secondary cell wall in the upper (youngest) internodes, whereas in the 
basal internodes they exhibited remarkable cell wall thickening. They also reported that when the 
stem is mature, more phenolic compounds with ether linkage are integrated. It is also reported 
that structural variation of lignin can be found among internodes and species of the plant (He and 
Terashima, 1990; He and Terashima, 1991). 
 
Tomoko et al. (2009) observed that lignin content is lower in the top portion of stem and is 
higher in the bottom portion of bamboo shoot. June et al. (1995) also described that lignin 
concentration increased from the youngest (upper) to the oldest (basal) internodes in maize 
stems. Shengying and Chen (2006) showed that lignin content is lower in the upper portion of 
the rice stem and is higher in the basal portion.  
 
Gritsch (2003) reported that lignification within bamboo internodes start at the top and moves 
towards the base of the internode (basipetally). Hui et al. (2009) also elucidated that lignification 
within the internode of switchgrass stem proceed basipetally. Their microscopic analyses showed 
that only vascular bundle was lignified and parenchyma cells were not lignified at the bottom 
part of the internode 2 at early elongation stage, however at the top part of internode, 
parenchyma cell walls increasingly lignified. 
 
2.3.4 Histochemical staining reactions used for the study of development and 
lignification of M. giganteus 
A number of histochemical staining reactions are known to be useful for the detection of plant 
polymers such as lignin and carbohydrates:  
 
2.3.4.1 Safranin and alcian blue 
Safranin is a red basic dye of azine group that is used to identify lignin, and it‘s reaction product 
is red and Alcian blue is incorporated into cellulose and stains them blue in the absence of lignin 
(Gurr, 1965; Sewalt et al., 1997). 
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2.3.4.2 Lignin pink and chlorazol black 
 
Lignified tissues can be identified by staining the sections of stem shoots with Lignin pink which 
imparts pink colour, and then counterstaining it with chlorazol black which gives black i.e. 
representative of gelatinous (cellulosic) layer (Jeffs and Northcote, 1966).  
 
2.3.4.3 Mäule and Wiesner colour reactions 
Lignin can be visualized in light microscopic studies using colour reactions such as the Wiesner 
(phloroglucinol/hydrochloric acid) and Mäule (successive treatments with permanganate, 
hydrochloric acid, and ammonia) reactions (Sarkanen and Ludwig, 1971). The Wiesner reagent 
reacts with coniferyl aldehyde, cinnamyldehyde and sinapyl aldehyde units in lignins and gives a 
bright red color  (Sarkanen and Ludwig, 1971; Srivastava, 1966).  
 
2.3.4.3a  Mäule colour reaction 
The Mäule test is specific of S units in lignin  (Nakano and Meshitsuka, 1992). Red colour by 
Mäule color represents syringyl unit of lignin However, brown color represents guaiacyl unit. 
Iiyama and Paint (1988) observed purple-red colour with the Mäule colour test from methylated 
lignin of hardwood, and concluded that it was produced by reaction of syringyl groups which 
were lIBERSated by/J-ether cleavage under the permanganate oxidation conditions. They 
observed that the consumption of permanganate by treated softwood lignin was higher than by 
hardwood lignin, which suggests that the guaiacyl nuclei were broken down severely. 
 
2.3.4.3b  Wiesner reaction 
―The Wiesner test (phloroglucinol-HCl staining) is considered to be specific of cinnamaldehyde 
end-groups, which are systematically present in native lignins, albeit in low amount‖ (Nakano 
and Meshitsuka, 1992). The Wiesner reaction has universal applicability to guaiacyl and syringyl 
lignins (Lin et al., 2002; Sarkanen and Ludwig, 1971; Yoshizawa et al., 1993). 
 
2.3.4.4 Acridine red/chrysoidin 
The Acridine red/Chrysoidin stain mixture is less frequently found in the literature than 
Phloroglucinol/HCl and it appears to have been exclusively used in studies by German 
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researchers. Gurr (1960) described that Chrysoidin Y is an orange-brown basic dye of the mono-
azo group, sometimes also known as Basic Orange. The staining of plant tissues with Acridine 
red/Chrysoidin results in colours that range from deep red to bright orange (Conn, 1961; Grosser 
and Liese, 1971; Gurr, 1960.). 
 
2.3.4.5  Periodic acid schiff (PAS) 
The PAS staining system is used as a general stain for representing the qualitative content of 
cellulose, hemicellulsoe, pectin, and glycoproteins, and is not a quantitative stain. These 
polymers  stain a deep magenta red color in the stem of M. giganteus with PAS (Kaack et al., 
2003; Kasten, 1989; Ruzin, 1999). 
 
 
2.4 Chemistry of cell walls of crops closely related to Miscanthus spp.  
A comprehensive review of literature has been carried out on the chemistry of cell wall of M. 
giganteus and its closely related crops and this is summarised in Tables 2.1 and 2.2. Cell walls 
consist of two phases: a microfibrillar phase, and matrix phase. In the microfibrillar phase, 
cellulose, a homo polymer of β-1,4-glucan (linked glucose units) is organised into microfibrils 
(Carpita et al., 2001). In the matrix phase, hemicellulose such as xylan, glucomannan, mannan, 
glactomannan, glucuronomannan, xyloglucan, callose (β-1,3-glucan) β-1,3-β-1,4-glucan, 
arabinogalactans and other hemicellulose form a medium in which the microfibrils are 
embedded. Further components of the matrix phase of cell walls may also include polyphenols 
such as lignin, and ferulic acid, and to lesser extent proteins (Brett and Waldron, 1996). 
 
Primary cell walls contain cellulose, a matrix of hemicellulose and pectins, with some structural 
proteins. In the primary walls of Poales, such as grasses, arabinoxylan is the major hemicellulose 
in addition to cellulose, and a small amount of pectins, and proteins (Carpita, 1996 ). Secondary 
walls contain cellulose, and arabinoxylan, and/or glucomannan as the major hemicellulose (Brett 
and Waldron, 1996). Cell walls from higher plants differ quite substantially in their polymer 
contents, both qualitatively and quantitatively. The most dominant polysaccharide in the cell 
walls is cellulose which generally makes up 40 % of the wall material. The next largest fraction 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Review of Literature Page 47 
 
consists of hemicellulose, making up 28% to 37% of the wall. Lignin makes up lower 
percentages  in the walls i.e. 14% to 28%. 
 
2.4.1 Cell wall composition of Miscanthus spp. 
Magid et al. (2004) studied the chemical composition of M. giganteus and reported that there 
was about 42% cellulose, 27% hemicellulose and 13% lignin in M. giganteus. Bae et al. (1983) 
studied chemical composition of M. sinensis and reported that there was 72% holocellulose, and 
7% lignin. Vrije et al. (2002) reported that M. giganteus contains 38% cellulose, 24% 
hemicellulose, 24% lignin, and 2% ash. They also determined monomeric residues in 
polysaccharide fraction and noted that there was 40% glucose, 19% xylose, 2% arabinose, 0.4% 
galactose, and 2 % uronic acid. Sørensen et al. (2008 ) studied hydrolysis of M. giganteus and 
noted that there was 40% cellulose, 18% hemicellulose, 25% lignin, and 6% ash, and 40 % 
glucose and 21% xylose of hemicellulose fraction. Michel et al. (2007) noted that M. giganteus 
contains 43% cellulose, 27% hemicellulose, 24% lignin, and 4% ash. 
Table 2.1: Cell wall composition (%) dry matter in the stem of M. giganteus. Upper case letter in 
brackets indicates references which are given below the table 2.2 
Chemical Components  M. giganteus (A)           (%) 
Holocellulose 64.3  
Cellulose 40     
Hemicellulose 24.3  
Lignin 25    
Extractives  6    
Ash  2    
Monomeric residues in polysaccharides fraction 
 Glucose 40.5  
Xylose 19  
Arabinose 1.8   
Galactose 0.4 
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Table 2.2: Cell wall composition (%) dry matter of closely related crops. Upper case letters in 
brackets indicates references which are given below the table. 
 
Chemical 
Composition  
Maize stem 
stover 
(B) 
Rice 
straw 
(C) 
Switch 
grass stem 
(E) 
Sugar cane 
stem 
(F) 
Wheat 
straw 
(G) 
Hard wood 
(H) 
Soft wood 
(I) 
Holocellulose 73 74 74 81 79 75 71 
Cellulose 40 42 42 49 47 43 40 
Hemicellulose 33 32 32 32 32 32 31 
Lignin 15 14 13 12 10 24 28 
Ash  12   4.2   
Monomeric residues in polysaccharides fraction 
Glucose 35 39      
Xylose 10 35   25   
Arabinose 10 12   3   
Galactose  4      
 
A.   (Vrije et al., 2002). 
B.    (Chundawat et al., 2007; Jung and Casler, 2006a; Morrison et al., 1998). 
C.    (Azuma et al., 1996; Jin and Chen, 2007; John and Kende, 1984). 
D.    (Bailey, 1973; Billa et al., 1997; Fritz et al., 1994; McBee and Miller, 1990; Nandra et al., 1983; Nordin, 1958; Tarpley et al., 1994 ; Verbruggen et al., 1993; Watson and Hirata, 
1960; Woolrad et al., 1976). 
E. (Adler et al., 2006; Luginbuhl et al., 2000; Lynd et al., 1999; Qin et al., 2006; Sarath et al., 2007). 
F. (Amjed et al., 1992; Okano et al., 2006; Sanjuan et al., 2001). 
G. (Amjed et al., 1992; Bowyer et al., 2003; Kristensen et al., 2008; Xing, 1995). 
H. (Fengel and Wegener, 1989) 
I. (Fengel and Wegener, 1989) 
 
 
As shown by the data in Table 2.1 and 2.2, it is clear that chemical composition of M. giganteus 
is compatible with that of maize, sugarcane and sorghum. The content of monomeric glucose and 
xylose of M. giganteus is greater than in maize stem. So hydrolysis of cell wall of M. giganteus 
after suitable pre-treatments may be expected to yield higher bioethanol levels than related crop 
stems. 
 
2.4.2 Cell wall composition of Zea mays 
Chundawat et al. (2007) reported that corn stover contained 39.4% cellulose, 33.1% 
hemicellulose, 14.9% lignin, and 8.9% solubles while studying the effect of particle size based 
separation of milled corn stover on ammonia fibres expansion (AFEX) pretreatment and enzyme 
digestibility. Jung and Casler (2006) studied cell wall concentration and composition during 
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different developmental phases of maize stem. They observed that maize stem cell wall 
polysaccharides contained 34.9% glucose, 18% xylose. 10% arabinose, 14.5% uronic acids, and 
0.59% ether, and ester linked ferrulates. Morrison et al. (1998) studied cell wall composition of 
different maturity from the youngest internode to the oldest internodes in maize. They observed 
that cell wall lignin concentration increased from 7.5% to 14% and neutral sugar and uronic acid 
concentrations decreased from 83.6% and 10.1% to 75.9% and 3.6% respectively with internode 
age. They observed that ferulic acid concentrations decreased from 0.6%  to 0.36% and p-
coumaric acid concentration increased with internode maturity from 0.18% to 2.3%. 
 
2.4.3 Cell wall composition of Oryza sativa 
Jin and Chen (2007) reported cellulose 41.6%, hemicellulose 31.5%, lignin 12.5%, and 14.4% 
ash in rice straw while designing a calibration model for rapid quantification of cell wall 
components, and concluded that near infrared reflectance spectroscopy (NIRS) was suitable for 
accurate and quick quantification of cell wall components. Azuma et al. (1996) studied changes 
in the cell wall polysaccharides in the internodes of rice. They reported that cellulosic content in 
the cell wall increased from 48% to 60% and then plateaued and non-cellulosic neutral sugars 
decreased from 50% to 40%. They added that non-cellulosic neutral fraction contained 
arabinose, xylose, galactose, glucose, rhamnose, fucose, and mannose. The non-cellulosic neutral 
sugar fraction contained 30-45% glucose, 25-28% xylose, 10-20% arabinose, and 4-9% 
galactose. John and Kende (1984) studied the impact of submergence on the cell wall 
composition of rice internodes. They observed that cell walls of internodes of air grown rice 
contained 47.9% cellulose, 7.7% uronic acid, 14.6% lignin, and the cell walls of submerged 
internodes had 48.3% cellulose, 7.5% uronic acid and  16.2% lignin. They also reported that the 
non-cellulosic neutral sugars  fraction comprised about 50% of total. This non-cellulosic fraction 
had 10% arabinose, 47.6% xylose, 2.3% galatose, 40% glucose in air grown rice, and 11% 
arabinose, 48.5% xylose, 2.53% galatose, 36.3% glucose in submerged rice. 
 
2.4.4 Cell wall composition of Sorghum 
The main sugar present in sorghum kernel are glucose, fructose, sucrose, maltose, and raffinose 
(Nordin, 1958 ; Watson and Hirata, 1960). Sorghum cell wall polysaccharides are mainly 
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cellulose, and hemicellulose (Bailey, 1973). Woolrad et al. (1976) reported that sorghum 
hemicellulose are highly branched and had a high proportion of arabinose. Verbruggen et al. 
(1993) extracted arabinoxylans from sorghum which were composed of uronic acids, acetyl and 
feruloyl substituents. It was observed that cellulose content in sorghum was higher in stem than 
blades, whereas hemicellulose content was higher in blades than stem (Fritz et al., 1994; McBee 
and Miller, 1990). Nandra et al. (1983) reported that the cellulose content increased  in sorghum 
fodder and that the digestibility of hemicellulose decreased with increasing maturity. Sucrose is 
the primary storage non structural carbohydrate (NSC) in sorghum stems, whereas starch is the 
primary NSC carbohydrate in sorghum panicles (Tarpley et al., 1994). Billa et al. (1997) reported 
that the cellulose, hemicellulose, and lignin content of the cell walls of sorghum stem approached 
15%, 12.3%, and 5.8% respectively. 
 
 
2.4.5 Cell wall composition of Switchgrass (Panicum virgatum) 
Lynd et al. (1999) studied chemical composition of cell wall of switchgrass and reported that 
cellulose, hemicellulose, and lignin content of cell wall approached 46%, 32%, and 12% 
respectively. Sarath et al. (2007) studied cell wall composition of different internodes in 
maturing tillers of switch grass. They observed that cell wall components in top internodes 
comprised 21% and decreased markedly in the bottom internodes. They reported that 
hemicellulose level was highest in the top internode and then declined to the bottom internode 
(33% versus 28% respectively). They determined 37% and 41% in the top and next internode 
respectively with approx.41% cellulose in the remaining internodes. The highest levels of lignin 
occurred in the top internode which then decreased through to the bottom internode (12% to 6% 
respectively). They also quantified  the cell wall bound coumaric  and ferulic acids and reported 
that coumarate was 0.6% in the top internode  increasing gradually through the following 
internodes and was highest ( 1.3%) in the bottom  internode. Ferrluate remained stable at 0.3% in 
all internodes. Adler et al. (2006) measured the cell wall components of switch grass in different 
growing seasons. They found 28% cellulose, 26% hemicellulose, and 16% klason ligin during 
the fall season in year 2002 and observed an increase to 32% cellulose, 29% hemicellulose, and 
17% lignin in material from the spring season in year 2003. Luginbuhl et al. (2000) measured the 
chemical components of cell wall of switchgrass while studying the effect of preservation 
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method on intake and chewing behaviour of steers. They reported that cell wall polysaccharides 
of switchgrass had 32% cellulose, 36% hemicellulose, and 4% lignin. Qin et al. (2006) 
conducted an analytical study on environmental, economic, and technological implications of 
using switch grass to replace coal in power generation, and reported that the cell walls contained 
37% cellulose, 32% hemicellulose and 17% lignin. 
 
2.4.6 Cell wall composition of Sugarcane 
Sanjuan et al. (2001) reported that cellulose, hemicellulose and lignin content in the cell wall of 
sugarcane are 48%, 31% and 19% respectively. Amjed et al. (1992) observed that cell walls of 
sugarcane had 49% cellulose, 29% hemicellulose, and 13% acid detergent lignin. Okano et al. 
(2006) conducted a comparative study of in vitro digestibility and chemical composition among 
sugarcane baggases treated by four white rot fungi. They observed in untreated sugarcane 
samples that cell wall components of sugarcane had 32% cellulose, 46% hemicellulose, and 10% 
lignin but by treating with different fungal strains, they found substantial change resulted to  
cellulose (50%), hemicellulose (18%), and lignin (9%). 
 
2.4.7 Cell wall composition of Triticum aestivum   
Xing (1995) reported that cell walls of wheat stem contain 46% cellulose, 32% hemicellulose 
and 6% acid soluble lignin and the leaf sheath has 49% cellulose, 26% hemicellulose and 7% 
acid soluble lignin and in leaf blades was 46% cellulose, 18% hemicellulose, and 5% acid 
soluble lignin. Bowyer et al. (2003) reported that cell wall polysaccharides of the stalk of wheat 
straw had 40% cellulose, 40% hemicellulose, and 20% lignin whereas leaves cell walls contained 
35% cellulose, 55% hemicellulose, and 10% lignin. Kristensen et al. (2008) observed cell wall 
structural changes by hydrothermal pretreatment in a reactor of wheat straw for bioethanol 
production. They reported that cell wall polysaccharides contained 39% cellulose, 24% xylan, 
3% arabinan, 22% Klason lignin, and 4% ash in the untreated samples, whereas there was 59% 
cellulose, 5% xylan, 0% arabinan, 25% Klason lignin and 5% ash in the pretreated samples and 
in delignified wheat straw samples the cell walls had 75% cellulose, 10% xylan, no arabinan and 
no Klason lignin, and 8.8% ash. Amjed et al. (1992) noted that cell walls of wheat straw had 
51% cellulose, 43% hemicellulose, and 5% acid soluble lignin. 
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2.4.8 Cell wall composition of hardwood and softwood 
There are numerous data available on softwood and hardwood and the following has been cited 
as an example. Fengel and Wegener (1989) reported in the cell wall of hardwood and soft wood. 
They noted that the cell wall of beech (Fagus sylvatica) contained cellulose (43%), 
hemicelluloses (32%), and lignin content (24%) while the cell wall of spruce (Picia abies) has 
cellulose (40%), hemicelluloses (31%), and lignin content (28%).  
 
2.5 Enzymatic Saccharification and Cell Wall Characteristics 
Plant biomass used for cell wall saccharification is usually made up of polysaccharides and 
lignin. When the cell growth stops, biosynthesis of the secondary cell walls starts and the 
primary walls become lignified during this phase of wall development (Bacic et al., 1988; 
Boerjan et al., 2003). As the results of  saccharification of plant material varies with the different 
composition and structure of the cell walls  being used  the composition of cell walls has a 
substantial effect which  varies  with factors such as the  plant species, tissue type, cell type,  
region within the cell wall, developmental stage and  growth conditions (Möller, 2006).  
 
While a considerable amount of literature has been published on evaluation of M. giganteus as a 
possible raw material for paper, energy (heat and electricity), geotextiles and building materials. 
There has been an increasing amount of interest recently on investigation of saccharification and 
biofuel potential of M. giganteus (Le et al., 2010). It has been included as an ideal candidate 
energy resource for the production of ethanol due to its high cellulose content and high biomass 
yield. There is a large volume of published studies describing the bioconversion of 
lignocelluloses to bioethanol, as saccharificaiton of lignocellulosic biomass is recognised as 
potential low cost source of sugars for the production of bioethanol (Carroll and Somerville, 
2009; Sun and Cheng, 2002). This bioconversion needs hydrolysis of cellulose to glucose and 
then fermentation of glucose to ethanol by yeast or bacteria. 
 
Enzymatic hydrolysis is advantageous in many respects and is a key to effective production of 
monosaccharides in biomass processing (Hamelinck et al., 2005). Lignocellulosic enzymes can 
be categorized into (i) cellulases; (ii) hemicellulases; and (iii) ligninases (oxidases, peroxidases 
and laccases that act on lignin) according to their substrates specificity. The cellulases are the 
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cellulose-degrading enzymes. A cellulase preparation is usually a mixture of different cellulose-
degrading enzymes that work synergistically. The endoglucanases make free chain ends by 
acting on places of low crystallinity in the cellulose microfibrils. The cellobiohydrolases 
breakdown the  β (1,4) D-linkages of the free cellulose chains and release cellobiose, which is a 
glucose dimer, and finally the β-glucosidases hydrolyse the cellobiose to glucose molecules. 
Hemicellulose are degraded by hemicellulases mainly xylanases and galacto-glucomannan active 
mannanases which act synergistically with cellulases to make the saccharification process highly 
efficient  (Berlin et al., 2005; Teter et al., 2006). There are also other enzymes (oxidases, 
peroxidases, and laccases) reported in the literature to degrade lignin which catalyze the 
formation of free radicals to speed up enzymatic deconstruction of cell wall material (Martinez et 
al., 2005; Teeri, 2004). 
 
 
2.5.1 Cell Wall Saccharification at Different Harvesting Months 
Although several studies have revealed the chemical and enzymatic breakdown of Miscanthus 
spp., but there are small numbers of reports describing the chemical composition and cell wall 
components of the crop. Investigation on saccharification potential of crop with respect to 
different harvesting dates is scarcely mentioned in the literature. In addition, no attempt was 
made to evaluate the enzymatic hydrolysis of M. giganteus among different species and at 
different locations and at different heights of stem. 
 
A strong negative correlation was observed between overall lignin content and biomass 
saccharificaiton efficiency (Chang and Holtzapple, 2000; Hui et al., 2009; Kumar and Wyman, 
2009; Ohgren et al., 2007). Lignin is one of the determining factor affecting saccharification and 
cell wall degradability (Chen and Dixon, 2007 ; Dien et al., 2006 ; Jung and Casler, 2006a). 
 
The effect of the maturity of the plant on lignin content and cell wall digestibility have been 
reported in various grass species (Besle et al., 1994; Jung, 1989). Hui et al. (2009) have studied 
the correlation between cell wall composition and saccharification efficiency of different switch 
grass cultivars without any pretreatment. They described that maturity stages and lignification 
are negatively correlated with enzymatic saccharification efficiency. They observed highest 
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enzymatic saccharification efficiency (34%) in the first elongation stage which declined in the 
2
nd 
(22%), 3
rd
 and 4
th
 elongation stages (20%). However it increased again in the 5
th
 elongation 
(22%) stage and decreased again and then it increased after inflorescence in the 3
rd
 reproductive 
stage (22%). They concluded that lignification and maturity stages are inversely correlated with 
enzymatic saccharification efficiency. Regarding the biomass, lignin content and sugar yield, it 
was concluded that reed canary grass should be harvested in late autumn (Pahkala et al., 2007). 
During plant developmental stages, lignification has been detected as the major factor limiting 
cell wall degradability (Buxton and Russell, 1988; Vogel and Jung, 2001). Jung et al. (1995) 
reported that lignin content increased from the immature to mature shoots of maize and decrease 
in the cell wall degradability of  mature plants is linked with a large increase in lignin. Li et al. 
(2007) reported that increase in carbohydrate content with age in Bamboo is correlated with 
increase in specific gravity and content of both carbohydrates and specific gravity stabilizes at 
about three years of age which is an ideal time for harvesting the crop. Fujii (1993) also reported 
that lignin content and the growth stage of the shoot were closely related to the saccharification. 
They observed lower lignin content in immature Bamboo shoot and reported that Bamboo with 
low lignin content was more readily hydrolysed by the action of enzymes in order to produce 
higher ethanol yield. It has also been reported that bamboo contains non-structural sugars (starch, 
sucrose, fructose and glucose) and immature bamboo is shown to contain higher amount of non-
structural sugars than mature ones which could be a possible reason of higher saccharification 
yield of immature shoots (Okahisa et al., 2005). 
 
Shengying and Chen (2006) reported that lignin and silicon (Si) had a negative effect on 
enzymatic hydrolysis of cellulose in rice. Chen et al. (2002) described that there is a strong 
negative correlation between cell wall digestibility and lignin from studies in tall fescue stems in 
which they found that cell wall digestibility decreased with the increasing maturity dropping  
from 82% digestibility at the first elongation stage to 33% at the  3
rd
 reproductive stage.  
Shengying and Chen (2006) also noted that  parenchyma cell and fibre cells content are 
positively correlated with  hydrolysis performance as they observed higher saccharification yield 
in stems with higher content of parenchyma and fibre cells. They also indicated that 
saccharification yield increased by increasing hydrolysis time up to 40 hours and then plateaued. 
They concluded that biomass fraction with content of higher parenchyma and fibre cell, and 
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content of lower lignin and lower silica was more readily and completely hydrolysed and 
produced higher saccharification yield. 
 
2.5.2 Cell Wall Saccharification with respect to different heights of stem 
Tomoko et al. (2009) observed that lignin content is higher in the bottom portion of bamboo 
stem and is lower at the top portion of the stem and showed that saccharification yields were 
higher in the upper portion of stem and lower in the bottom section.  
 
Jung et al. (1995) also described that lignin concentration increased from the youngest (upper) to 
the oldest (basal) internodes in maize stem and with respect to this saccharification yield was 
higher in younger (elongating) internodes than mature internodes. Chen et al. (2002) observed 
higher cell wall digestibility in upper internodes of tall fescue stem due to lower lignin content 
and lower cell wall digestibility in bottom internodes due to higher lignin content. Shengying and 
Chen (2006) also produced the similar results with the highest saccharification yield in the top 
portion of stem due to the lowest lignin content.  
 
2.5.3 Cell Wall Characteristics 
There are significant differences between grasses and dicots with respect to the polysaccharide 
polymers that associate with cellulose. Primary cell wall of dicots are rich in pectin and 
xyloglucan which form the major hemicelluloses. However, glucuronoarabinoxylan (GAX) and 
mixed glucans form the major hemicelluloses in grasses, as primary cell wall of grasses have less 
pectin and xyloglucan (Carpita et al., 2001). Hemicelluloses of dicot secondary cell wall contain 
arabinoxylan with only few side chains, the glucuronoarabinoxylan of grass secondary cell wall 
have very complex side chains (Gomez et al., 2008; Pauly and Keegstra, 2008). 
 
Pahkala et al. (2007) reported that soluble sugars reduced drastically when barley and reed 
canary grass reached the onset of maturity and was lowest when plants were fully mature. They 
observed that cellulose and lignin content increased up to maturation stage. Jung (2003) 
described that more than 50% of the cell wall material in maize aggregate after the completion of 
internode elongation. He also reported that galactose and arabinose started to accumulate during 
the early stages of cell wall development and their accumulation is associated with primary wall 
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growth during internode elongation. Major secondary wall constituents (xylose) begin to amass 
after  the completion of internode elongation (Jung, 2003). Tomoko et al. (2009) observed large 
amount of xylose in the solution after simultaneous saccharification and fermentation (SSF). So 
the production of ethanol can be doubled from immature bamboo shoot, if xylose in addition to 
glucose is fermented into ethanol.  
 
Li et al. (2007) observed that chemical components of bamboo stem differed significantly with 
age. One year old culm had lower cellulose and lignin content than 3-5 year old. Chen et al. 
(2002) observed more hemicelluloses and pectin in the younger stems at elongation stage and 
more cellulose in the older stems at the maturity stage and mature (older) internodes have more 
cellulose and less hemicelluloses than younger internodes. Li et al. (2007) also reported that 
extractive deposition increases with the increasing maturity in bamboo and this increase in 
extractives imparts greater resistance to degradation. They found that top sections of the culm 
had higher extractives than the middle and basal portion. 
 
 
2.6 Starch  
Starch is a major storage carbohydrate in most plants (Adams et al., 1986; Ford and Deans, 1977; 
Kozlowski, 1992 ; Tromp, 1983). It serves as a primary source of food for human beings. It has 
major industrial applications and  plays an important physiological role in plants (Kossman and 
Lloyd, 2000). Starch is a polymer of glucose and is divided structurally into amylose (16–30%) 
and amylopectin (65–85%). These glucose monomers are joined to each other to form either 
linear polymer by α (1, 4) glycosidic bonds or branched linkages by α(1, 6) glycosidic bonds 
(Kossman and Lloyd, 2000). 
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2.6.1 Accumulation, mobilization and re-translocation of starch over the 
growing season 
Perenial plants depend on a well ordered build-up of photosynthates and of different other 
storage carbohydrates that are attained during favourable conditions, stored during the dormant 
season and mobilized for re-use in growth and reproduction when needed. Starch accumulates 
seasonally in the parenchymatous cells in the stem, rhizome and the root of grasses and trees. An 
enormous amount of research work has been undertaken on deposition and mobilization of 
stored materials in plants (Kozlowski, 1992 ; Kramer and Kozlowski, 1979 ; Smith, 2008 ; 
Ziegler, 1964 ).  
 
Parenchyma cells have distinct intracellular space for the storage of protein, fat and starch grains 
as reported by Sauter and Van Cleve (1994). Studies in the past thirty years have showed 
significant differences among the accumulation behaviour of individual compounds, among 
various plant species and even among varities and genotypes (Dickson, 1989; Fischer and Holl, 
1991; Harms and Sauter, 1992b; Holl, 1985; Nelson and Dickson, 1981; Pregitzer et al., 1990; 
Sauter and Van Cleve, 1991). Perennial plants usually store carbohydrates in the form of starch 
in rhizomes, roots and tubers from late summer to autumn for the survival of the plant during 
winter and also for re-growth during spring (Cyr et al., 1990; Dickmann and Pregitzer, 1992; 
Dickson, 1991; Kozlowski, 1992 ; Kramer and Kozlowski, 1979; McAllister and Haderlie, 1985; 
Tromp, 1983). New stem growth of the plant is associated with quick removal of stored 
carbohydrates in underground plant parts. 
 
Several studies have shown that the level of starch increased in the tissues of various trees and 
grasses from mid-August to mid-November and decreased until mid-February (Dickson, 1991; 
Essiamah and Eschrich, 1985; Harmse and Sauter, 1992b; Johansson, 1993; Jorg and 
Wellenkamp, 1998;  Kozlowski, 1992; Madsen, 1997; Nelson and Dickson, 1981; Nguyen et al., 
1990; Sauter and Cleve, 1994; Sauter and Van Cleve, 1991; Seki and Aoyama, 1995; Sennerby-
Forsse and Von Fircks, 1987; Shibata and Nishida, 1993; Terzieva et al., 1997). These variations 
seemed to be controlled by the enzymes amylase and starch phosphorylase which activity is low 
when the level of starch deposition is high and vice versa (Elle and Sauter, 200; Giichi, 1954; 
Koussa et al., 2005; Shibata and Nishida, 1993; Spann et al., 2008). 
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Age is one of the most important factors which significantly affect the starch yield, and several 
studies showed that there is a direct relationship between age of the crop and its starch yield. 
Lower level of starch was observed in the young crop when all the cells were dividing and starch 
content starts increasing when the crop reaches the stage of cell wall expansion and starch is 
maximum in mature crops (Baafi and Safo-Kantanka, 2007; Fircks and Sennerby-Forsse, 1998; 
Giichi, 1954; Norul Hisham et al., 2006; Seki and Aoyama, 1995; Wormer and Ebagole, 1965). 
Age has been found to have remarkable effect on the starch content of the rhizome of plant 
(Klimes et al., 1999). Basic density of plant also increases with the increase of starch content and 
maturity of the crop (Wahab et al., 2009).  
 
2.6.2 Effect of different plantation sites on starch  
Geographic location is an important component in the climate system and plays a key role on the 
deposition and mobilization of starch in the plants. Environmental conditions under which plants 
grow influence the starch yield and also affects the physical and chemical compositions of plants 
(Beta and Corke, 2001; Tester and Karkalas, 2001). Baafi and Safo-Kantanka (2007) 
investigated the influence of age and location on cassava starch yield by studying three 
parameters (solubility, swelling power and water binding capacity) and reported that starch yield 
is significantly affected by different locations. These marked changes among various locations 
might be attributed to the different amylose content and granule size of starch since these 
influence the bonding forces between the granules and water molecules. Wu et al. (2008) also 
found that geographic locations had significant effect on starch yield of sorghum. Stored starch 
in the rhizome of plant is also significantly affected by different geographic location (Klimeš et 
al., 1999). 
 
2.6.3 Starch at different regions within stems 
Starch is not uniformly distributed throughout the plant. Several studies investigating the content 
of starch from different stem internodes have revealed that starch levels in internodal tissues 
increased more than 4 times from young to mature internodes. Starch content in culm of various 
grasses (sugarcane and rice) and flowering plants is usually higher in lower internodes, and with 
the ascent of node order it starts to decrease (Ferreira, 2007; Kaichi and Hiroshi, 1955; Koussa et 
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al., 2005; Madsen, 1997; Wormer and Ebagole, 1965). This pattern of starch fluctuation is 
associated with the development of the plant, as young internodes have lower starch content and 
mature internodes at the bottom have higher. The level of starch is controlled by the enzyme 
amylase which activities are five times higher in younger internodes compared to mature 
internodes (Ferreira, 2007; Koussa et al., 2005). 
 
2.6.4 Effect of temperature on starch content at different monthly intervals 
Cold acclimatization is a complex phenomenon causing variation in cell metabolism, starch-
sugar equilibrium and protein synthesis. Conversion of starch to sugar in plants is a discrete 
physiological phenomenon of cold hardening (Levitt, 1980). Numerous studies have attempted to 
explain sugar deposition in plant tissues in response to low temperature (Nelson and Dickson, 
1981). High temperature decreases starch deposition in plants and accumulation of starch is 
increased at low temperature. Growth conditions and temperature have been reported to affect 
the chemical composition of starch in many crops (Asaoka et al., 1991; Asaoka et al., 1985a; 
Asaoka et al., 1986; Asaoka et al., 1985b; Asaoka et al., 1984; MacLeod and Duffus, 1988a; 
MacLeod and Duffus, 1988b; Shi et al., 1994; Tester et al., 1995; Tester et al., 1991). Many 
researchers have argued that sugar accumulation after starch hydrolysis in various trees and 
flowering plants may be a factor in increased freezing resistance as maximum sugar content in 
plant has been observed in winter (Levitt, 1941; Nelson and Dickson, 1981; Rodrigues and Ryan, 
1960; Shibata and Nishida, 1993) and sugar content decreases as plants deacclimate in the 
spring.  
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Growth and Development of M. giganteus Page 60 
 
CHAPTER 3 
 
Growth and Development of M. giganteus 
 
3.1 Introduction 
 
This chapter presents investigations on the anatomy and development of M. giganteus cell walls 
in the fibre and parenchyma cells. The main objective of this work was  to elucidate the temporal 
and spatial developmental stages of internode and  the development of lignification across these 
stages in M. giganteus by using histochemical staining techniques and light microscopy (Carpita 
et al., 2001). 
 
3.1.1 Growth and anatomical developmental stages of M. giganteus 
As described in chapter 2, three developmental stages of fibre and parenchyma cells, including 
first cell division stage, second intermediate stage (division of parenchyma cells and elongation 
of fibre cells) and third elongation stage of both cells, have been described in bamboo (Crow, 
2000). A fourth stage of maturation was included after elongation in addition to previously 
defined three stages of bamboo (Gritsch and Murphy, 2005). The four stages have been 
characterized for fibre development (He et al., 2000) while six elongation and three reproductive 
stages were identified in switch grass (Hui et al., 2009). So far, no research work on 
developmental stages of M. giganteus has been described in literature. 
 
In this chapter, the following four temporal developmental stages of internode 2 from the same 
position in each harvesting time were observed: 
 
1. Cell wall expansion stage 
2. Cell wall thickening stage 
3. Maturation stage 
4. Senescence stage 
 
By the end of the first stage (Cell wall expansion), cell divisions in both fibre and parenchyma 
cells of stem of M. giganteus was almost completed and, at the end of this stage, the cells were 
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virtually fully expanded and/or elongated. The completion of this stage in internode 2  was 
indicated  in  late July which is the 3
rd
 month after shoot emergence and a rapid period of overall 
shoot elongation after April i.e. Six months after shoot emergence (~ October) the 2
nd
 stage was 
nearing completion in which thickness of cell walls of fibres and parenchyma cells was reaching 
a maximum. During the 3rd stage (7 months after shoot emergence), both cells acquired 
maturity, and were highly lignified. Finally the 4
th
 stage i.e. senescence occurred from about 8 
months after shoot emergence which continue until the end of the season in late 
December/January. 
 
As mentioned in Chapter 2, the acropetal development of bamboo shoot was indicated by 
successive cell division, elongation and maturation stages of growth (Hsiung et al., 1982). The 
parenchyma cells in the top stem internodes of switch grass have been described to have thin cell 
walls with less developed secondary cell walls, whereas those of basal internodes have been 
shown to undergo cell wall thickening. These reports suggested the same acropetal development 
of stem (Sarath et al., 2007 ) as previously concluded. The similar observations in bamboo were 
exhibited as well (Gritsch, 2003). In this Chapter, the spatial studies of stem development of M. 
giganteus were made in July (internode 2, 4 and 7), October, November and January (internodes 
2, 4, 7 and 11). Finally, the correlation of yield with the growth and development of M. giganteus 
was investigated from July to November and then in January.  
 
3.1.2 Development of lignification in M. giganteus 
Lignin constitutes the second most abundant plant biopolymer after cellulose and accounts for 
about 30% of the organic carbon in the biosphere. In Miscanthus spp., approximately 22-26 % 
lignin contributes to the chemical composition of cell wall. The levels of lignin in softwood and 
hardwood have been found to be 24-37% and 17-30%, respectively (Fengel and Wegener, 1989). 
As previously mentioned in Chapter 2, lignin is an insoluble phenolic polymer which is an end 
product of phenylpropanoid pathway. The lignin molecule is formed as a result of 
polymerization of aromatic alcohols (the monolignols p-coumaryl alcohol, coniferyl alcohol and 
sinapyl alcohol) and is composed of three units named guaiacyl (G), syringyl (S) and p-
hydroxyphenyl (H) units. The relative ratios of these units make significant differences between 
grasses, softwood and hardwood. The studies on various grass species have shown that the 
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growth stages of plant affects the deposition of lignin content. As reported by Hui et al. (2009), 
the variability of lignin content depends on factors and developmental stages in switchgrass.  
 
The purpose of this study is to explore the lignin development in different parts of internodes of 
stem of M. giganteus and evaluate the temporal effect on lignification. Special emphasis is given 
to the understanding of the anatomical developmental stages at different harvesting months. 
 
3.2  Materials and Methods 
 
3.2.1  Collection of plant material 
Internode 2 of stem samples of M. giganteus were collected from a plantation site established in 
1993 at Rothamsted Research Station, UK at one month intervals starting from July in years 
2007 and 2008. It was propagated at Rothamsted from Hagemann, Berlin, Germany in 1993. In 
year 2009, lignification was studied at different heights by selecting internode 2, 4, 7 and 11 at 
five monthly intervals (July, Sep, Oct, Nov and December). For the purpose of sample 
collection, plants were cut 5 cm above the ground level and whole stem lengths were returned to 
the laboratory at Imperial College London. Blocks (approx 4 cm) of internodes 2, 4, 7 and 11 
were immediately stored in Formalin acetic acid alcohol (FAA) (Hamelinck et al., 2005) for 
histological study.  
 
3.2.2  Fixation, sectioning, and staining 
Pieces (approx 4cm lengths) of the mid-part of relevant internodes of M. giganteus were fixed in 
FAA within approx. 5 hours of stem harvesting at Rothamsted after return of the stems to 
Imeprial College London. The FAA comprised 90% of 70% ethanol, 4% glacial acetic acid and 
6% formaldehyde (of a 37-48% solution). Transverse and longitudinal sections of un-embedded 
material were cut at 27 µm thickness with a Reichert sliding microtome fitted with a disposable 
low profile blade.  
 
The tranverse sections were stained with the following histochemical staining reactions and dyes 
to investigate the temporal and spatial development of tissues of internodes: 
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1- Safranin and alcian blue 
2- Lignin pink and chlorazol black 
3- Acridine red/chrysoidin 
4- Wiesner reaction 
5- Mäule Colour reaction 
6- Periodic acid shiff 
 
3.2.2.1 Safranin and Alcian blue  
Transverse & longitudinal  sections were stained with Safranin for 2 min followed by sequential 
rinsing with deionized water for 2 minutes, counterstained in Alcian blue for 3 minutes, followed 
by rinsing for 3 minutes in de-ionized water and then dehydrated gradually in a graded ethanol 
series of 50%, 70%, 100%, and 100%,  cleared in histoclear, mounted in DPX and observed 
under light microscopy (LM) following the protocols described by Yoshida et al. (2002) and 
Johansen (1940). 
 
3.2.2.2 Lignin pink and chlorazol black 
Transverse sections were also stained with 5% aqueous Lignin pink for 8 minutes, dehydrated in 
95% ethanol for 5 seconds, followed by washing in de-ionized water for 5 seconds, again 
dehydrated in 95% ethanol for 5 seconds, followed by 100% ethanol. They were counterstained 
with 1% aqueous Chlorazol black for 1 minute according to protocol described by Robards and 
Purvis (1964) and dehydrated in 100% ethanol for 1 minute. After clearing in Histoclear for 25 
seconds, they were permanently mounted in DPX for LM observation.  
 
3.2.2.3 Acridine red/chrysoidin 
Transverse sections were also stained with aqueous Acridine/Chrysoidine for 3 minutes, and then 
dehydrated these sections gradually in 50%, 70%, 100%, and 100% ethanol for 30 seconds in 
each respectively, cleared in histoclear for 30 seconds, and mounted in DPX for LM observation. 
Lignified cell walls stained deep red to bright orange color. 
 
3.2.2.4 Weisner Reactions 
Transverse sections were stained for 30 seconds with Wiesner reagents (3% w/v phloroglucinol 
in 96 % ethanol). Phloroglucinol in acidic conditions gives a red-pink product with mainly the 
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cinnamaldehyde groups present in lignins, and dehydrated with concentrated HCL for 2 minutes. 
Freshly stained sections were mounted in glycerol and observed under LM within 20 minutes of 
staining (this stain is temporary). The positive red staining indicates the presence of guaiacyl 
lignin types due to the reaction with coniferylaldehyde, and also with cinnamaldehyde end-
groups in the lignin molecule (Sarkanen, 1971; Srivastava, 1966). 
 
3.2.2.5 Mäule colour reaction 
Sections were also stained using Mäule reagent as described by Chapple et al. (1992) by 
immersing in 1% (W/V) KMNO4 aqueous solution for 30 seconds, dehydrated in diluted 10% 
HCL for 1 minute (Chapple et al., 1992). They were then re-hydrated for 2 minutes in distilled 
water. Moistened with 10% NH4OH for 3-6 minutes, hydrated again for 1-2 minutes, then 
dehydrated sections gradually in ethanol series of 50%, 70%, 100%, and 100%, and then 
mounted in glycerol and observed under LM within 20 minutes of staining due to the temporary 
nature of the stain. 
 
3.2.2.6 Periodic acid Shiff 
Rinsed FAA fixed 27 µm section in de-ionized water for 1 minute. Immersed sections in periodic 
acid soln. (Catalogue No.395-1; Sigma-Aldrich) at room temperature for 5 minutes (Ruzin, 
1999). Hydrated sections in several changes of de-ionized water for 2 minutes. Then immersed 
sections in Schiff‘s reagent soln. (Catalogue No. 395-2; Sigma Aldrich) at room temperature for 
15 minutes. Hydrated section in de-ionized water for 5 minute, and then dehydrated in ethanol 
series of 50%, 70%, 100%, and 100% again 30 seconds in each, and then cleared in histoclear for 
30 seconds, mounted in DPX and observed under LM. 
 
3.2.3 Microscopic study  
Prepared slides were examined using Light Microscopy (LM). A Zeiss Axioskop 2 with axiocam 
and axiovision software v 3.1 were used for observations and image collection. Image J (1.41) 
NIH Image program (developed at the US National Institute of Health and available on the 
internet at http://rsb.info.nih.gov/ij) was used for measuring the thickness of fibre, and 
parenchyma cell walls.              
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3.2.4 Measurement of plant height and internode length 
Ten different plants were selected randomly from different parts of CS408 plot at Rothamsted 
and were labelled with the date of first measurement. Size of plot CS 408 was 100 m
2
. All the 
measurements of plant height were done with the help of measuring tape from bottom to top of 
stem of M. giganteus and those of internode length as well. 
 
3.2.5 Measurement of total biomass yield of M. giganteus 
Total biomass yield of M. giganteus was estimated in 2009 in June to November and then in 
January. Six different plants were harvested randomly from different positions of CS 408 plot in 
each month; the fresh weight of the individual plant (stem and leaves) was measured, and then 
averaged to get a representative biomass yield. The total number of plants was counted in a one 
square metre area. The number was multiplied by 10, 000 square metre which gave the total 
number of plants in one ha = 10, 000 m
2
. The representative biomass yield of one plant in each 
month was multiplied with the total number of plants in one ha to get the total biomass yield per 
ha and this was expressed as total biomass yield in tons per ha. 
 
3.2.6  Basic density and moisture content 
Fresh Pieces (approx 7 cm) of 3
rd
 internode were taken for determination of moisture content and 
basic density. 
 
3.2.6.1  Basic density 
Basic density or basic specific gravity, was obtained as the ratio between the dry weight and 
volume of the green wood (Nogueira et al., 2005; Stone and Gifford, 1997) from the following 
formula: 
 
Basic density (g/cm
3
) =   oven dry weight (g) / green volume (cm
3
) ……….(1) 
 
Green volume was measured by the water displacement method. A sample of fresh M. giganteus 
from internode 3 (approx 60 mm length x stem diameter) was placed on a mounted needle which 
was fixed in stand. A beaker was tared on the balance at zero. The mounted sample was then 
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submerged and the reading on the balance recorder in (g) – this being equivalent to is the green 
volume in cm
3
.  The sample was then oven dried as above and then weight was recorded.   
 
3.2.6.2 Moisture content 
Moisture content was determined on oven dry basis at 105
0
C for 24 hours by the following 
formula:- 
 
M.C. (%)                  =                 wet wt. – dry wt.  × 100    ………….. (2) 
    (Oven dry basis)                                     dry wt 
 
 
 
 
3.3      Results 
 
3.3.1 Anatomical development of internode of M. giganteus 
The cross section of M. giganteus culm showed a typical monocotyledon arrangement of 
scattered vascular bundles with parenchyma and fibre cells. Fibre cell walls were relatively 
thicker than parenchyma cells. Higher numbers of vascular bundles were observed around the 
periphery of the internode which decreased towards the internal part of the stem which has the 
highest density of parenchyma cells.  
 
3.3.1.2      Temporal development of internode of M. giganteus   
Four temporal developmental stages of internode 2 from the same position in each harvesting 
time were observed.  
 
1. Cell wall expansion stage 
2. Cell wall thickening stage 
3. Maturation stage 
4. Senescence stage 
By the end of the first stage (cell wall expansion), cell divisions in both fibre and parenchyma 
cells was almost completed. Cells were about fully expanded/elongated. After six months of 
shoot emergence, 2
nd
 stage started in which thickness of cell walls of fibres and parenchyma cells 
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increased. During 3
rd
 stage after month 7 of emergence, both cells acquired maturity, and were 
highly lignified, and after this started the fourth stage i.e. senescence which remains until the end 
of the season. 
 
3.3.1.2.1 Cell wall expansion 
This was observed in the 3
rd
 month harvesting time (in July) after the shoot emergence including 
the tissue division and considerable shoot elongation. Because at this stage basic density was 
less, moisture content was more. At this stage, differentiation of fibres, and parenchyma cells 
was almost complete, and cells were almost fully expanded/elongated [Plates:3.1(a, b); 3.2(a, b); 
3.3(a, b); 3.4(a, b); 3.5(a, b); 3.6(a, b); 3.7(a, b); 3.8(a, b) with different histochemical staining 
reactions]. Parenchyma cells were irregular in shape, and their cytoplasm was located around the 
cell periphery. Fibres were round in shape, and cell walls started thickening. Cell walls of fibres 
were relatively thicker than that of parenchyma cells. Average thickness of combined cell walls 
of parenchyma, and fibre cells was 0.22 µm, and 0.5 µm respectively, and average diameter of 
parenchyma cell was 18 µm [Plate 3.6(a, b)]. 2 µm sections were also stained with different 
histochemical reactions to see pattern of cell wall development at this stage [Plate 3.21 and 3.22]. 
 
3.3.1.2.2 Cell wall thickening stage  
This was observed in the 6
th
 month harvesting time (in October) after the shoot emergence. At 
this stage, basic density was relatively more and moisture content was less, and there was an 
increase in parenchyma and fibre cell wall thickness. Fibre cells were polygonal shaped, and 
parenchyma cells had larger diameter, and they were oval shaped [Plates: 3.1(c, d); 3.2(c, d); 
3.3(c, d); 3.4(c, d); 3.5(c, d); 3.6(c, d); 3.7(c, d); 3.8(c, d); with different histochemical staining 
reactions]. All cell walls were thicker than those at early stage of development. Cell walls of 
fibres were relatively thicker than that of parenchyma cells. Average thickness of combined cell 
walls of parenchyma, and fibre cells was 0.44 µm, and 0.71 µm respectively, and average 
diameter of parenchyma cell was 24 µm [Plate 3.6(c, d)]. Increase in cell wall thickness indicates 
the deposition of secondary cell wall. 
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3.3.1.2.3  Maturation stage 
This was observed during 7
th month harvesting time (Nov) after the shoot emergence. Leaves 
started falling and nutrients are re-translocated into the rhizome. At this stage, Parenchyma and 
fibre cells acquired full maturity. Fibres close to the vascular bundle were thickened 
conspicuously [Plates: 3.1(e, f); 3.2(e, f); 3.3(e, f); 3.4(e, f); 3.5(e, f); 3.6(e, f); 3.7(e, f); 3.8(e, f)] 
with different histochemical staining reactions]. Inter cellular spaces were more clear between 
parenchyma cells. Parenchyma cells stained darker as compared to the early stage. Average 
thickness of combined cell walls of parenchyma, and fibre cells was 0.66 µm, and 0.92 µm 
respectively, and average diameter of parenchyma cell was 25 µm [Plate 3.6 (e, f)].  
 
3.3.1.2.4 Senescence stage 
This was observed in the 8th month harvesting time (December) after the shoot emergence, and 
this stage remains until the end of the crop season. During this stage, a large proportion of leaves 
have fallen. There was no more change in the thickness of parenchyma and fibre cell walls. 
[Plates: 3.1(g, h); 3.2(g, h); 3.3(g, h); 3.4(g, h); 3.5(g, h); 3.6(g, h); 3.7(g, h); 3.8(g, h) with 
different histochemical staining reactions].  Average thickness of combined cell walls of 
parenchyma, and fibre cells was 0.66 µm, and 0.92 µm respectively, and average diameter of 
parenchyma cell was 25 µm [Plate 3.6 (g, h)].  
 
3.3.1.3      Spatial development of M. giganteus studied at different regions of 
stem 
Following spatial developmental stages have been observed at different regions of the stem at 
four temporal phases times described in section 3.3.1.2. 
 
1. Cell elongation stage 
2. Cell wall expansion stage 
3. Cell wall thickening stage 
4. Maturation stage 
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3.3.1.3.1   Cell elongation stage 
This has been observed in internode 7 and internode 4 in July and to some extent in internode 11 
in October. Cell division has almost been completed but parenchyma and fibre cells were still 
elongating [Plates 3.12 and 3.13]. Parenchyma cells were irregular in shape. Cell walls of both 
parenchyma and fibre cells were thin. Average thickness of combined cell of parenchyma and 
fibre cells was 0.15 µm and 0.30 µm respectively [Plate 3.12 and 3.13].  
 
3.3.1.3.2   Cell wall expansion stage 
This has been observed in internode 2 in July and internode 7 and 4 in October and Internode 7 
and 11 in November. At this stage, differentiation of fibres, and parenchyma cells was almost 
complete, and cells were almost fully expanded/elongated [Plate 3.12 and 3.13]. Parenchyma 
cells were irregular in shape, and their cytoplasm was located around the cell periphery. Fibres 
were round in shape, and cell walls started thickening. Cell walls of fibres were relatively thicker 
than that of parenchyma cells. Average thickness of combined cell walls of parenchyma, and 
fibre cells was 0.22 µm, and 0.5 µm respectively, and average diameter of parenchyma cell was 
18 µm.  
 
3.3.1.3.3   Cell wall thickening stage 
Cell wall thickening stage has been found in internode 2 and 4 in October and internode 7 in 
November and also in Internode 7 and 11 in December [Plates 3.13, 3.14 and 3.15]. Average 
combined thickness of parenchyma and fibre cell wall was increased over those observed in 
previous stages of development. Both parenchyma and fibre cells were round shaped and 
thickness of fibre cells was more than parenchyma cells. Increase in cell wall thickness proposes 
the deposition of secondary cell wall. Average thickness of combined cell walls of parenchyma, 
and fibre cells was 0.42 µm, and 0.68 µm respectively. 
 
3.3.1.3.4   Maturation stage 
Maturation has been observed in internodes 2 and 4 in November and December [Plates 3.14 and 
3.15]. Parenchyma and fibre cells became fully mature. Average thickness of combined cell 
walls of parenchyma, and fibre cells was 0.62 µm, and 0.88 µm respectively. Both parenchyma 
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and fibre cells were darker than those observed in previous stages. Thickness of fibre cell wall 
was more than parenchyma cells. 
 
3.3.1.4      Growth characteristics of M. giganteus 
Total biomass yield (t/ha) calculated for different months fluctuated throughout the season. 
Figure 3.1 shows that biomass yield was low in June (5.51) and gradually increased in July 
(12.47), August (13.83), September (14.98) and October (15.05) and then decreased in 
November (14.42) and January (12.81). Basic density (g cm
-3
) measured in year 2009 was low in 
July (0.14) and then it gradually increased up to November (0.33) and then was constant up to 
January (Figure 3.1). Moisture content (%) measured in year 2009 from CS 408 was maximum 
in July (574.23) and then it gradually decreased up to November (139.19) but it increased a little 
in January (175.38) (Figure 3.1). 
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Figure 3.1:  Biomass yield (t/ ha) on fresh weight basis, Basic density (g cm
-3
), Moisture content (%), Stem height (cm) and lengths 
(cm) of internode 2 and internode 3 measured from CS 408 at different monthly intervals in year 2009. Error bars are based on 
standard errors.
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3.3.1.4.1      Measurement of stem height and length of internodes 2 and 3 at 
different monthly intervals 
Table 3.1 shows that stem heights increases drastically from June (141 cm) to July (258 cm). 
There is a gradual increasing trend of stem height from July (258 cm) to Oct (326 cm) and then it 
is stable from Oct to November (Table 3.1). Error bars show small variation among ten different 
replicates (Figure 3.1). Length of Internode 2 increases more from June (15.46 cm) to July 
(17.86 cm) and then increases gradually up to Oct (18.82 cm) and then it becomes stable (Table 
3.2). Error bars shows small variation among 10 repeats (Figure 3.1). Length of internode 3 also 
increases more from June (16.54 cm) to July (18.51 cm) and then it increases gradually up to 
September and then it is stable (Table 3.3). Figure 3.1 shows small variation among 10 repeats.  
 
Table 3.1:    Height of stem in different months (cm) 
 
 June July Aug Sep Oct Nov 
A 147.3 241.3 306.1 311.2 311.2 311.2 
B 148.6 263.4 313.7 327.9 328.4 328.4 
C 151.1 271 323.9 327.7 328.7 328.7 
D 140.2 271.8 346.7 353.1 353.8 353.8 
E 162.6 269.2 322.6 332.7 333.2 333.2 
F 138.4 266.7 315 315.2 316 316 
G 140 264.2 322.6 328.9 329.9 329.9 
H 130.8 248.4 302.3 312.9 313.7 313.7 
I 137.4 244.3 321.3 328.9 329.7 329.7 
J 123.2 248.2 309.9 316.2 316.7 316.7 
Average 141.9 258.8 318.4 325.4 326.1 326.1 
 
Table 3.2:    Length of Internode 2 (cm) 
 
 June July Aug Sep Oct Nov 
A 17 19.7 20.5 20.6 20.6 20.6 
B 18.5 19.5 20.8 20.9 20.9 20.9 
C 15.5 18.0 18.2 18.2 18.2 18.2 
D 15.7 19.6 20 20 20.1 20.1 
E 16.5 18 18.2 18.2 18.2 18.2 
F 13.6 19.6 20.7 20.7 20.7 20.7 
G 18.5 19.4 20.8 20.8 20.8 20.8 
H 11.5 13 14.5 14.5 14.5 14.5 
I 13.5 14.4 15.2 15.3 15.3 15.3 
J 14.3 17.4 18.8 18.9 18.9 18.9 
Average 15.46 17.86 18.77 18.81 18.82 18.82 
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Table 3.3:   Length of Internode 3 (cm) 
 
 June July Aug Sep Oct Nov 
A 18.2 20.1 20.6 20.8 20.8 20.8 
B 19.8 21.5 21.9 22.2 22.2 22.2 
C 16 18.5 18.9 19.4 19.4 19.4 
D 16.5 18.5 18.8 19.2 19.2 19.2 
E 16.9 18.5 18.9 19.2 19.2 19.2 
F 15.5 18.2 18.7 18.9 18.9 18.9 
G 19 21.2 21.7 21.9 21.9 21.9 
H 12.5 14.1 14.5 14.8 14.8 14.8 
I 15.1 16.8 17.3 17.6 17.6 17.6 
J 15.9 17.7 18 18.3 18.3 18.3 
Average 16.54 18.51 18.93 19.23 19.23 19.23 
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3.3.1.4.2  Periodic acid schiff reaction system (PAS) for developmental 
studies of detection of polysaccharides/carbohydrates of stem 
Micrographs in Plate 3.4a-b(July) show that the walls of epidermal cells, especially on the cortex 
side, of xylem fibres and phloem fibres stained Magenta red colour with Periodic acid Schiff 
reaction system representing the detection of polysaccharides/carbohydrates in July. Micrographs 
in Plate 3.4c-d(Oct) show that the walls of epidermal cells, especially on the cortex side, of 
xylem fibres and phloem fibres stained relatively strong Magenta red colour with Periodic acid 
Schiff reaction system. Whereas micrographs in Plate 3.4e-f (Dec) show that the walls of 
epidermal cells, especially on the cortex side, of xylem fibres and phloem fibres stained very 
strong Magenta red colour with Periodic acid Schiff reaction system. Initially epidermal cell and 
all fibre cells of xylem and phloem showed deep red colour staining while parenchyma cells 
were lightly stained. Plates of August indicated expansion of deeply stained area around xylem 
and phloem thus encompassing few parenchyma cells (Plate 3.20). These plates also showed 
deep staining of cell walls of companion cells. However all plates prepared from the sample of 
September showed deep staining of fibre cell, sieve elements and parenchyma cell. Periodic acid 
Schiff reaction system represents a very good picture of increase of carbohydrate content 
throughout the season which is obvious by strengthening of the Magenta  red colour gradually 
until December.  
 
3.3.1.4.3 Comparative developmental study of detection of 
polysaccharides/carbohydrates of stem between 2007 and 2008 with Periodic 
acid Schiff reaction 
There was no significant change in the pattern of carbohydrate detection observed between 2007 
and 2008 [Plate 3.20], which suggest that the particular season has little or no influence on the 
development of the carbohydrate structure of the stem tissues. 
 
3.3.1.5 Development of lignification revealed with various histochemical 
staining reactions 
Micrographs show the epidermis, cortex, parenchyma cells, fibres and the vascular bundles of 
transverse and longitudinal sections from internode 2 of shoots at different stages of 
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development over the growing season. Each of the histochemical staining results indicated that 
variation in cell wall development processes, particularly lignification, occurred according to 
location of cells. The epidermis, composed of a single layer of thick-walled cells, often showed 
distinct staining contrasting with the thick-walled cells of the cortex below it. The cortex is 
bounded on the inside by the endodermis, and is composed mostly of undifferentiated cells 
usually large parenchyma cells. Fibre cell walls also stained deeper than parenchyma, xylem and 
phloem cell. For example, the cell walls of epidermis cells, of few fibres adjacent to xylem, and 
phloem stained red color (indicative of lignin) with Safranin, and cell wall of parenchyma cells, 
of phloem, and of protoxylem stained blue (indicative of non-lignin) after counterstaining with 
Alcian blue [Plate 3.9a (July)], Whereas the cell walls of epidermis cells, of some fibres adjacent 
to xylem, and of few fibres adjacent to phloem stained red color (positive) with Safranin, and cell 
wall of parenchyma cells, and of phloem and of protoxylem stained (blue) after counterstaining 
with Alcian blue [Plate 3.9b (August)]. With the Acridine red/Chrysoidin test, relatively dark 
orange colour was detected in the walls of epidermal cells, of fibre walls next to vascular 
elements, and of few parenchyma cells [Plate 3.3a) July]. With the Mäule colour test [Plate 3.23 
(a,b)] brown colour (positive) i.e. qualitative indication of guaiacyl lignin was detected in the 
walls of epidermal cells, especially on the cortex side, of xylem fibres and few parenchyma 
fibres.  
 
3.3.1.5.1 Safranin & Alcian blue  
Lignin containing cell walls contents appeared as red with safranin while non- or low-lignin cell 
walls appeared as blue colour with alcian blue. The deposition of lignin tended to increase 
gradually with each month interval until December as apparent from the Plate 3.9 (July to 
February). Plate 3.1a-c(July) the cell walls of epidermis, of few fibres adjacent to xylem, and 
phloem stained red color (positive) with Safranin, and cell wall of parenchyma cells, and of 
phloem and of protoxylem stained blue (positive) after counterstaining with Alcian Blue [Plate 
3.9 (in July)] whereas cell walls of epidermis cells, of some fibres adjacent to xylem, and of few 
fibres adjacent to phloem stained red color (positive) with Safranin, and cell wall of parenchyma 
cells, of phloem and of protoxylem stained (blue) after counterstaining with Alcian blue [Plate 
3.9 (in August)]. In Plate 3.9 (in Sep), the cell walls of epidermis cells were more lignified. 
Fibres adjacent to phloem and particularly xylem were lignified. Only few cell walls of xylem, 
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cell walls of Phloem, and that of Parenchyma stained Blue color with Alcian Blue. In Plate 3.9 
(Oct, Nov, and Dec), Thick cell walls of epidermis and cortex, of all fibres, and most 
parenchyma stained deep red with Safranin (positive)/highly lignified. Only few cell walls of 
phloem stained blue (positive) with Alcian Blue. During January, and February, thick cell walls 
of both cells were strongly lignified indicating dark red colour. During the early development 
phase in July, lignin staining was mainly observed in the fibre cells adjacent to the vascular 
elements. However during August, September, October, November, and December months, 
patches of lignin widened showing an increase in lignin contents in November, and December 
months.  
 
3.3.1.5.2 Lignin pink and Chlorazol black  
Generally, samples of July were primarily cellulosic as appeared from the black or dark black 
colour of parenchyma and phloem cells and their walls [Plate 3.10]. However, fibre cells close to 
vascular elements and the epidermis were stained red showing presence of lignin in these 
regions. The accumulation of lignin in the stems was independently confirmed by staining 
transverse sections with lignin pink, which demonstrated considerable deposition in 
sclerenchyma fibres and the xylem tracts. Generally, samples from July showed abundance of 
cellulose as appeared from the black or dark black colour of parenchyma and phloem cells and 
their walls. However, fibre cells, epidermis and cortex cells were stained red showing presence 
of lignin with in these regions. In the Month of August  [Plate 3.10(Aug)] the cell walls of 
epidermis cells, of few fibres adjacent to xylem, and phloem stained red color (positive) with 
Lignin Pink, and cell wall of parenchyma cells, of phloem, and of protoxylem stained black 
(positive) after counterstaining with Chlorazol black. In September [Plate 3.10], cell walls of 
epidermis and cortex below it were more lignified. Fibres adjacent to phloem and particularly 
xylem were highly lignified with Lignin Pink. Only few cell walls of xylem, and of phloem, and 
of few parenchyma stained black color with Chlorazol black. In Plate 3.10 (October) thick cell 
walls of epidermis and cortex, of all fibres, and most parenchyma stained deep red with Lignin 
pink (positive). Only few cell walls of phloem stained black (positive) with Chlorazol black. In 
November, and December [Plate 3.10] thick cell walls of all fibres, and most parenchyma stained 
deep red with Lignin pink (positive). Only few cell walls of phloem stained black (positive) with 
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Chlorazol black. During January, and February, thick cell walls of both cells were strongly 
lignified [plate 3.10]. 
 
3.3.1.5.3 Acridine/chrysoidin red  
The staining of plant tissues with Acridine red/Chrysoidin results in colours that range from deep 
red to bright orange [Plate 3.3]. Deep red color indicates less lignification whereas bright orange 
colour shows more lignification and maturation of cells. Epidermal cells appear distinct from 
other cells as bright red-orange. Fibre cell walls stained orange, whereas parenchyma cell walls 
stain deep red. Most fibre cell walls are dark orange in colour and cell walls of fibres adjacent to 
the vascular elements exhibit a bright orange colour. The brightest orange colour is associated 
with fibres close to the metaxylem vessels. Plate 3.3 indicates a general change in the staining 
colour of both fibres and parenchyma cell walls over time. Initially, fibre caps and parenchyma 
cells showed deep red colour during the months of July [Plate 3.3(a-b)] while in October, 
November and December, they were stained as orange colour. 
 
In Plate 3.3a-b (July), bright orange colour (positive) could be detected in the walls of epidermal 
cells, of fibre walls next to vascular elements, and of few parenchyma cells. The outcome of the 
colour reactions in the cell walls of fibres varied according to their position in relation to the 
vascular elements. In Plate 3.3c-d (Oct), relatively dark orange colour was detected in the walls 
of epidermal cells, of fibre walls next to vascular elements, and of few parenchyma cells. 
Micrographs in Plate 3.3e-f (Nov) show that bright orange colour was detected which became 
more dark on the walls of epidermis and on the cortex side, of Parenchyma, and of xylem cells. 
Walls of phloem were relatively less dark as compared to xylem fibres. Micrographs in Plate 
3.3g-h(Dec) show that bright orange colour detected was more darker on the walls of epidermis 
and on the cortex side, of parenchyma, and of xylem cells.  
 
3.3.1.5.4 Wiesner reaction  
Epidermal cells appeared as deep red colour when stained with the Wiesner reagent. This deep 
red colour appeared on cortex below the epidermis gradually with the late season (October-
February). Similarly fibre caps at protoxylem region also appeared deeply stained red. 
Micrographs in Plate 3.11 (July) show that most cell walls were weakly stained. Cell walls of 
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epidermis and those of fibres surrounding the vascular elements were stained red (Positive). Cell 
walls of parenchyma did not stain red. Micrographs in Plate 3.11 (Aug & Sep) show that with the 
development cell walls of parenchyma started staining red. Cell walls of epidermis and those of 
fibres surrounding the vascular elements were strongly stained red (Positive). Micrographs in 
Plate 3.11d (Oct) show that mostly cell walls were strongly stained red with Wiesner test. Cell 
walls of epidermis, especially on the cortex side, of parenchyma and those of fibres surrounding 
the vascular elements were strongly stained red (Positive). This strength of staining increased 
from the month of November to February where in February [Plate 3.11], there was strong 
lignification. 
 
3.3.1.5.5  Mäule colour reaction  
Micrographs in Plate 3.23 (July) show that brown colour (positive) i.e. a tentative indication of 
guaiacyl lignin was detected in the walls of epidermal cells, especially on the cortex side, of 
xylem fibres and few parenchyma and fibre cells. Micrographs in Plate 3.23 (Aug & Sep) show 
that the walls of epidermal cells, especially on the cortex side, of xylem fibres and phloem fibres 
stained a strong brown colour with the Mäule reaction at the August and September sampling. 
The brown colour of the cell walls of Parenchyma was more intense. Whereas micrographs in 
Plate 3.23 (Oct) indicated that the walls of epidermal cells, especially on the cortex side, of 
xylem fibres and phloem fibres stained dark strong brown colour with Mäule colour reaction. 
This dark strong brown colour kept increasing from the month of November to onward where in 
December [Plate 3.23], it was strongest which showed that it was more lignified. Cell walls of 
Parenchyma were also strongly brown coloured.  
 
3.3.1.6 Comparative developmental study of lignification between 2007 
and 2008 seasons with safranin, and alcian blue, and lignin pink and chlorazol 
black 
To study the comparative development of lignification between year 2007 and 2008, 27µm 
transverse sections of un-embedded samples of internodes of M. giganteus collected during July, 
August, September, October, November, December, January, and February. Sections were 
stained using Safranin/Alcian blue [Plate 3.16, & 3.17] and Lignin Pink/Chlorazol Black [Plate 
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3.18 & 3.19] . There was no significant change in the lignin development observed between 2007 
and 2008, which suggest that the particular growing season has little or no influence on the 
development of lignification. 
 
3.3.1.7    Development of lignification within different regions of the stem 
High degree of variation in the development of lignification has been observed at different 
internodes of the stem of M. giganteus. It has been found that lignin content develops acropetally 
in the stem of crop at all monthly intervals in growing season. Internode 7, being the top of stem, 
was found to be the least lignified in July (Plate 3.12 e-f). Only epidermis, few fibre cells 
surrounding metaxylem and protoxylem and phloem were lignified. A large proportion of the 
culm was non-lignified. Internode 4 showed relatively more lignification than internode 7 (Plate 
3.12 c-d). Epidermis, cortex, and more fibre cells were lignified in internode 4. Internode 2 
(basal) was highly lignified (Plate 3.12 a-b). Epidermis, Cortex, sclerenchyma fibres were highly 
lignified. There were more lignified fibres cell surrounding xylem and phloem. 
 
Stem harvested in October also showed similar pattern of lignification in the stem of M. 
giganteus crop except the fact that they were relatively more developed (Plate 3.13 g-h). 
Internode 11 was the top upper internode in Oct, as the crop grown up in October. Fibre caps 
were lignified in internode 11 but both fibre and parenchyma cells were thinner and in internodes 
4 and 7, thickness of cells increased and in internode 2, both fibre and parenchyma cells were 
darkly stained, indicating high degree lignification. 
 
Stems in November and December were similar to that October with respect to lignification but 
in November and December, cells acquired full maturity and were darkly stained more red 
colour than that observed in October (Plates 3.14 and 3.15). 
 
 
 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Growth and Development of M. giganteus Page 80 
 
3.4    Discussion 
 
 
3.4.1      Development of M. giganteus 
The results of this study showed four temporal developmental stages in one growing season of 
M. giganteus. Current study corroborates the findings of a great deal of previous work in other 
biomass crops (Crow, 2000; Gritsch and Murphy, 2005; He et al., 2000; Hui et al., 2009). It 
revealed a gradual pattern of increase of thickness in the cell walls of parenchyma and fibre cells 
from stage of cell wall elongation to maturation at which cell wall acquired maximum thickness. 
These findings of the current study are consistent with those of Gritsch et al. (2004). Results of 
current study showed that processes of cell wall thickness were slowed down and ultimately 
ceased resulting in increased cell wall thickness, proposing the deposition of secondary cell wall. 
Abe et al. (1997) found similar results in Bamboo. But some authors have found contradictory 
results and reported that secondary cell wall deposition starts before the cessation of cell wall 
expansion (Juniper et al., 1981; Schubert et al., 1973) and some researchers have argued that 
deposition of secondary cell wall begins after the cell has stopped growing (Brett and Waldron, 
1996; Wardrop, 1964). Hui et al. (2009) have observed increase in thickness of cell wall from 
first elongation stage to fourth elongation stage in switch grass, proposing the deposition of cell 
wall. 
 
The results of this study also revealed that growth of M. giganteus shoot proceeds acropetally by 
successive cell elongation, cell wall expansion, cell wall thickness and maturation. Different 
cells in the culm in the basal portion (bottom internode) were found with thick cell wall and 
those at upper internodes with thin cell wall which means upper internodes were still growing. 
This pattern was similar in all monthly intervals investigated except the fact that bottom 
internodes studied at later temporal stages (Oct-Dec) were thicker and more mature than those 
observed at early harvest month (July) and upper internodes at later maturity stage acquired the 
stage of cell wall expansion and cell wall thickness whereas those studied at early harvest (July) 
were at elongation stage. These findings are in agreement with Hsiung et al. (1982) who 
indicated that Bamboo shoot grows acropetally. Sarath et al. (2007 ) observed thin cell wall of 
parenchyma cell with less developed secondary cell wall in the upper internodes of switch grass 
and thick cell walled parenchyma in bottom internodes, indicating that development of tissues 
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within the stem of switch grass proceeds acropetally. Gritsch (2003) also found similar results in 
Bamboo.  
 
Results of current study also indicated that growth activity within the single internode of M. 
giganteus stem proceeds basipetally, as top portion of single internode acquired maturity and 
bottom portion of the same internode were at cell wall thickening stage. These findings were in 
consistent with those of Hsiung et al. (1982), Gritsch (2003) and Hui et al. (2009) in Bamboo and 
switch grass. 
 
These results showed that total biomass yield of M. giganteus increased at the time of maturity 
stage of the crop and then declined at the time of senescence and remain decreased afterwards 
until January. These findings were consistent with Pahkala et al. (2007) who reported double 
biomass yield at the time of maturity in reed canary grass which decreased when plant began to 
senesce. Improved cell wall characteristics in M. giganteus were also linked with increased basic 
density at maturity stage which is due to anatomical changes in the vascular bundles (VB), as 
number of fibre cells with thickened secondary cell wall increased surrounding the VB and also 
in the whole culm. These observations support the idea of Mohmod et al. (1993) who also 
observed similar results in Bamboo. Results of basic density and biomass yield are also 
supported by the results of stem height and length of individual internodes which were increased 
from cell elongation stage and were maximum at maturity stage. These results validate the fact 
that at the stage of maturity, maximum development of cells was achieved and after this, there 
was no more growth and development. 
 
3.4.2 Development of lignification in M. giganteus 
This study produced a strong correlation between maturity stage and development of 
lignification in M. giganteus. Current results showed that at the time of cell division and 
elongation, plant has less lignin content but when plant cell wall acquired full maturity and 
thickness, at this stage, it has attained highest degree of lignification. These findings support the 
idea of Jung (1989) and Besle et al. (1994) who also reported the effect of maturity stages on 
lignin content in various grass species. Hui et al. (2009) found that lignin content increased with 
increasing plant maturity in  switch grass. Chen et al. (2002) observed effect of maturity stage in 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Growth and Development of M. giganteus Page 82 
 
tall fescue and reported increased lignin content at the time when plant acquired full maturity. 
Current research findings indicated that structural changes in the stem of M. giganteus during 
development were associated with the increase in lignin content and fibre cell walls of highly 
lignified content are much thicker than parenchyma cell walls and these results are consistent 
with those of Li et al. (2007) in Bamboo. These results also indicated that development of 
lignification proceeds acropetally as basal internodes of M. giganteus showed high degree of 
lignification than upper internodes and these results are in line with Chen et al. (2002) who 
observed similar pattern of lignification at different regions within the stem.  
 
3.4.3 Various histochemical staining reactions for growth and Development of 
lignification in M. giganteus 
Current studies indicated various histochemical staining reactions for the identification of lignin 
and non lignin content in the cell wall of M. giganteus. Safranin and Alcian Blue were found the 
best dyes, indicated lignin containing cell walls as red with Safranin (Johansen, 1940) and non or 
low lignin content as blue with Alcian Blue (Sarkanen and Ludwig, 1971). Lignin Pink showed 
red colour which was indicative of lignin (Robards and Purvis, 1964) and cell walls of 
parenchyma cells, of phloem and of protoxylem stained black (indicating non-lignin content) 
after counterstaining with Chlorazol black (Srivastava, 1966). The staining of plant tissues with 
Acridine red/Chrysoidin resulted in colours that ranged from deep red to bright orange. Bright 
orange colour found was typical of mature fibres. The variations in colour of this stain are not 
usually described in literature where this stain combination has been employed. Variation from 
red to bright orange colour showed the development from less lignified to more lignified which 
show that this stain gives a very good contrast of colours over the growing seasons to study the 
development of cell and lignification.  
 
Lignin distribution in the stem of M. giganteus samples during different monthly intervals 
investigated by Wiesner reaction which indicated red to deep red colour from immature to 
mature samples was supported by the results of Kuehbauch (1985). The positive red staining 
indicates the presence of guaiacyl lignin types due to the reaction with coniferylaldehyde, and 
also with cinnamaldehyde end-groups in the lignin molecule (Sarkanen and Ludwig, 1971; 
Srivastava, 1966). Guaiacyl G is the phenylpropanoid unit derived from one of the 
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hydroxycinnamyl alcohol and this G unit is incorporated into the lignin polymer [See Figure 
2.1]. Dark strong brown colour with Mäule colour reaction indicated the presence of guaiacyl 
lignin (Parham and Cote, 1971). Based on Mäule test, a high degree of variability was observed. 
Thus, the low level of total aldehydes detected by oxidation analysis of the brownish tissue 
throughout the whole season of M. giganteus might suggest a reduced proportion of syringyl 
units in the tissue. This hypothesis is supported by the results of Mäule staining of the brownish 
tissue in the C4 plant  (Monties, 1989). Samples of M. giganteus after staining with periodic acid 
Schiff  (Jensen, 1962) showed Magenta red colour representing the detection of 
polysaccharides/carbohydrates. Parenchyma cells also showed dots of stains with in cell apart 
from deep staining of their cell walls, thus showing storage of carbohydrates with in cell (Gahan, 
1984). These results suggested here that until December there was maximum basic density which 
showed that at that stage maximum development of cells was achieved and after this time there 
was no more growth and development. 
 
3.5 Conclusions 
Lignification and development of M. giganteus differ at various harvesting times and at different 
regions within the stem. Four temporal developmental (cell wall expansion, cell wall thickness, 
maturation and senescence) stages were observed at different monthly intervals and these stages 
exist differently at different internodes of stem. Upper internodes of stem were found to be 
immature whereas basal internodes were mature. Lignin content is not uniformly distributed 
throughout the plant and is highest in the bottom internodes. Increase in biomass yield, stem 
height and basic density at the time of maturity stage suggested that there was no more growth 
and development after October. Future research should investigate the time of deposition of 
secondary cell wall between cell wall expansion and maturation stage. 
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Plate 3.1: (a & b) Cell wall expansion stage. (c, & d) Cell wall thickening stage. (e &f) 
Maturation stage. (g & h) Senescence stage. 27 µm TS stained with Safranin & Alcian Blue. 
Scale Bar shows 180 µm. 
 (a) July  (b) July 
 (c) Oct  (d) Oct 
 (e) Nov  (f) Nov 
 (g) Dec  (h) Dec 
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Plate 3.2: (a & b) Cell wall expansion stage. (c, & d) Cell wall thickening stage. (e &f) 
Maturation stage. (g & h) Senescence stage. 27 µm TS stained with Lignin Pink & Alcian Blue. 
Scale Bar shows 180 µm. 
  
 (a) July  (b) July 
 (c) Oct  (d) Oct 
 (e) Nov  (f) Nov 
 (g) Dec  (h) Dec 
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Plate3.3: (a & b) Cell wall expansion stage. (c, & d) Cell wall thickening stage. (e &f) 
Maturation stage. (g & h) Senescence stage. 27 µm TS stained with Acridine. Scale Bar shows 
180 µm. 
  
 (a) July  (b) July 
 (c) Oct  (d) Oct 
 (e) Nov  (f) Nov 
 (g) Dec  (h) Dec 
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Plate 3.4: (a & b) Cell wall expansion stage. (c, & d) Cell wall thickening stage. (e &f) 
Maturation stage. (g & h) Senescence stage. 27 µm TS stained with PAS. Scale Bar shows 180 
µm. 
  
 (a) July  (b) July 
 (c) Oct  (d) Oct 
 (e) Nov 
 (f) Nov 
 (g) Dec  (h) Dec 
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Plate 3.5:  (a & b) Cell wall expansion stage. (c, & d) Cell wall thickening stage. (e &f) 
Maturation stage. (g & h) Senescence stage. 27 µm TS stained with Safranin  & Alcian Blue. 
Scale Bar shows 40 µm. 
  
 (a) July  (b) July 
 (c) Oct  (d) Oct 
 (e) Nov  (f) Nov 
 (g) Dec  (h) Dec 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Growth and Development of M. giganteus Page 89 
 
  
  
  
  
Plate 3.6:  (a & b) Cell wall expansion stage. (c, & d) Cell wall thickening stage. (e &f) 
Maturation stage. (g & h) Senescence stage.27 µm TS stained with Safranin & Alcian Blue. 
Scale Bar shows 40 µm in (a,c,e,& g), and shows 10 µm in (b, d, f, & h). 
  
 (a) July  (b) July 
 (c) Oct  (d) Oct 
 (e) Nov  (f) Nov 
 (g) Dec  (h) Dec 
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Plate 3.7:  (a & b) Cell wall expansion stage. (c, & d) Cell wall thickening stage. (e &f) 
Maturation stage. (g & h) Senescence stage. 27 µm TS stained with Lignin Pink, and 
counterstained with Chlorazol black. Scale Bar shows 40 µm. 
  
 (a) July  (b) July 
 (c) Oct  (d) Oct 
 (e) Nov  (f) Nov 
 (g) Dec  (h) Dec 
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Plate 3.8:  (a, & b ) cell wall expansion (c, & d) Cell wall thickening (e &f) Maturation stage. 
(g & h) Senescence stage. 27 µm TS stained with Phloroglucinol. Scale Bar shows 40 µm. 
 (a) July  (b) July 
 (c) Oct  (d) Oct 
 (e) Nov  (f) Nov 
 (g) Dec  (h) Dec 
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Plate 3.9: Lignin Histochemical Colour reactions with safranin and alcian blue. 27 µm 
transevrse sections of different months in Year 2007-08. Scale bar shows  180 µm. 
July 
Dec Nov 
Oct 
Sep 
Aug 
Feb Jan 
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Plate 3.10: Lignin Histochemical Colour reactions with LP + CB. 27 µm transevrse sections of 
different months in Year 2007-08.  Scale bar shows 180 µm in (July-Dec), & 100 µm in [Jan-
Feb]. 
July Aug 
Sep Oct 
Nov Dec 
Jan Feb 
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Plate 3.11: Lignin Histochemical Colour reactions with Phloroglucinol. 27 µm transevrse 
sections of different months in Year 2007-08. Scale bar shows 180 µm. 
July Aug 
Sep Oct 
Nov Dec 
Feb Jan 
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Plate 3.12: Spatial developmental stages at different internodes of the stem in July 2009. 27 µm 
TS stained with Safranin & Alcian Blue.  Scale bar shows 185 µm in (a, c & e).  Scale bar shows 
65 µm in (b, d and f).  
  
(a)  IN-2 
(f)  IN-7 (e)  IN-7 
(c) IN-4 
(b) IN-2 
(d) IN-4 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Growth and Development of M. giganteus Page 96 
 
  
 
  
  
  
Plate 3.13: Spatial developmental stages at different internodes of the stem in Oct 2009. 27 µm 
TS stained with Safranin & Alcian Blue.  Scale bar shows 185 µm in (a, c & e).  Scale bar shows 
65 µm in (b, d and f).  
(a)  IN-2 
(f)  IN-7 (e)  IN-7 
(c) IN-4 
(b) IN-2 
(d) IN-4 
(g)  IN-11 (h)  IN-11 
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Plate 3.14: Spatial developmental stages at different internodes of the stem in Nov 2009. 27 µm 
TS stained with Safranin & Alcian Blue.  Scale bar shows 185 µm in (a, c & e).  Scale bar shows 
65 µm in (b, d and f).  
(a)  IN-2 
(f)  IN-7 (e)  IN-7 
(c) IN-4 
(b) IN-2 
(d) IN-4 
(g)  IN-11 (h)  IN-11 
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Plate 3.15: Spatial developmental stages at different internodes of the stem in Dec 2009. 27 µm 
TS stained with Safranin & Alcian Blue.  Scale bar shows 185 µm in (a, c & e).  Scale bar shows 
65 µm in (b, d and f).  
(a)  IN-2 
(f)  IN-7 (e)  IN-7 
(c) IN-4 
(b) IN-2 
(d) IN-4 
(g)  IN-11 (h)  IN-11 
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Plate 3.16: 2 year Study; Development of lignifications at different months year 2007-08. 27 
µm sections were stained with Safranin (1% aq.), and then counterstained with Alcian Blue (1% 
aq.).  Scale Bars show 180 µm. 
  
July 2007 
Sep 2008 
Sep 2007 
Aug 2008 Aug 2007 
July 2008 
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Plate 3.17: 2 year Study; Development of lignifications at different months year 2007-08. 27 
µm sections were stained with Safranin (1% aq.), and then counterstained with Alcian Blue (1% 
aq.).  Scale Bars show 180 µm. 
  
Oct 2007 
Dec 2007 Dec 2008 
Nov 2007 Nov 2008 
Oct 2008 
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Plate 3.18: 2 year Study; Development of lignifications at different months year 2007-08.  27 
µm sections were stained with Lignin Pink, and then counterstained with Chlorazol Black.  Scale 
Bars show 180 µm but  Scale Bar is 100 µm in (July 2007, & Sep 2007). 
  
Sep 2007 Sep 2008 
Aug2007 Aug 2008 
July 2007 July 2008 
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Plate 3.19: 2 year Study; Development of lignifications at different months year 2007-08.  27 
µm sections were stained with Lignin Pink, and then counterstained with Chlorazol Black.  Scale 
Bars show 100 µm in Year 2007 and 180 µm in Year 2008. 
  
Dec 2007 Dec 2008 
Nov 2007 Nov 2008 
Oct 2007 Oct 2008 
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Plate 3.20: 2 year Study; Development of lignifications at different months year 2007-08.  27 
µm sections were stained  with Periodic Acid Schiff.  Scale Bar shows 180 µm.  
 
 
 
Oct 2008 Oct 2007 
Sep 2008 Sep 2007 
Aug 2008 Aug 2007 
July 2007 July 2008 
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Plate 3.21: Study of anatomy of 2 µm section in July. (a, & b) stained with safranin. (c, & d) 
stained with TOB, & Fucshin Basic. (e, & f) stained with Acridine. (g, & h) Periodic Acid Schiff 
reaction. Scale bars show 180 µm. 
  
    
  
   
  
a b 
e 
c 
f 
d 
g h 
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Plate 3.22: Study of anatomy of 2 µm section. (a, & b) stained with safranin. (c, & d) stained 
with TOB, & Fucshin Basic. (e, & f) stained with Acridine. (g, & h) Periodic Acid Schiff 
reaction. Scale bars show 35 µm. 
  
a b 
e 
c 
f 
d 
g h 
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Plate 3.23: Lignin Histochemical Colour reactions with Maule Color. 27 µm transevrse 
sections of different months in Year 2007-08. Scale bar shows 180 µm.  
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Sep 2007 Oct 2007 
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CHAPTER 4 
Enzymatic saccharification and cell wall characteristics 
 
 
4.1 Introduction 
This chapter describes studies on the saccharification and composition of cell wall of M. 
giganteus with respect to different months over the growing season, different internodes, species 
and locations. 
 
M. giganteus as a possible raw material for paper, heat, electricity, geotextile and building 
material has been investigated immensely, however, very little work on the evaluation of M. 
giganteus for its potential to produce biofuel has been made (Lewandowski et al., 2000). On the 
basis of high cellulose content and biomass yield, M. giganteus is considered to have good 
potential as a feedstock for bioethanol production, which is an end product of bioconversion of 
lignocellulosic biomass. The conversion of cellulose into glucose needs hydrolysis and that of 
glucose to ethanol requires fermentation by bacteria or yeast. The enzymatic hydrolysis known 
as saccharification has been identified as a potential low cost method to generate sugars as a 
source of ethanol production (Carroll and Somerville, 2009; Sun and Cheng, 2002).  
 
As described in Chapter 2, the enzymatic saccharification utilizes lignocellulosic enzymes which 
are cellulases, hemicellulases and ligninases. The cellulose degrading enzyme cellulase is 
comprised of different enzymes including endoglucanase, cellobiohydrolase and β-glucosidase. 
The cellulose microfibrils by the action of endoglucanase release free cellulose chains which 
breakdown through cellobiohydrolases by acting on β (1,4) linkages releases cellobiose, a 
glucose dimer, which is hydrolyzed by β-glucosidase into glucose monomers. Hemicellulases 
mainly consists of xylanases and galacto-glucomannan active mannanases that degrade 
hemicelluloses and increase the efficiency of saccharification process (Berlin et al., 2005; Teter 
et al., 2006). The lignin is degraded by oxidases, peroxidases, and laccases enzymes (Martinez et 
al., 2005; Teeri, 2004).  
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The polysaccharides composition of cell wall differs between grasses and dicots. The composites 
of pectin and xyloglucans are in abundance in primary cell wall of dicots and in low levels in that 
of grasses. The glucuronoarabinoxylan (GAX) and β-1,3 and β-1,4  glucans are major non-
cellulosic polysaccharides in grasses (Carpita and Gibeaut, 1993; Carpita and McCann, 2000;  
Carpita et al., 2001; Smith and Harris, 1999). The hemicellulosic components of secondary cell 
walls in dicotyledons are arabinoxylan with only few side chains while those in grasses contain 
glucuronoarabinoxylan with very complex side chains (Carpita et al., 2001). The general studies 
on chemical and enzymatic breakdown of M. giganteus have been made several times but a few 
reports describe the chemical composition of cell wall of the crop at different months. 
 
The aim of this part of the study is to determine the effects of different months in a year, 
different heights of the stem, different locations and species on glucose yield assessed after 
enzymatic saccharification of the plant.  
 
4.2  Materials and Methods 
 
4.2.1 Collection of plant material 
 
4.2.1.1 Plant material used in year 2007 and 2008 at different monthly interval 
from CS 408: 
Stem samples of M. giganteus were collected from a plantation site CS 408 (15 year old plot) 
established in 1993 at Rothamsted Research Station, at one month interval starting from July to 
February in both years 2007 and 2008. It was propagated at Rothamsted in 1993 from 
Hagemann, Berlin, Germany (Clifton-Brown et al., 2001a). For the purpose of sample collection, 
plants were cut 5 cm above the ground level and whole stem lengths were returned to the 
laboratory at Imperial College London. Internode 3 was selected for this purpose. 
 
4.2.1.2   Plant material used in year 2009 
In year 3, three types of plant material of M. giganteus was collected  
 
1. Field material from CS-408 plot at RRes (a 15 year old plot). 
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2. Field material of M. giganteus from an alternative location CS 546 at RRes (a 10 year old 
plot). 
3. Field material of M. giganteus from two additional locations (IBERSS and Silwood) to 
observe the effects of different climate, rainfall, temperature, day length, and soil type on 
saccharification potential. 
 
In addition to this sampling set of M. giganteus, sampling material was collected from the M. 
sinensis and M.sacchariflorus from RRes at least five times before and after the flowering time. 
 
4.2.1.3 Plant material used in year 2009 from different locations: 
Field plants were harvested from following four different locations with six different replicates 
from each site. 
 
1) CS 408 at Rothamsted 
2) CS 546 at Rothamsted 
3) IBERSS at Aberystwyth  
4) Imperial College at Silwood Park, Berkshire 
 
4.2.2 Enzymatic saccharification of M. giganteus     
 Enzymatic saccharification was carried out following the NREL standard protocol LAP-009 
―Enzymatic Saccharification of Lignocellulosic Biomass‖ (Selig et al., 2008). The samples were 
ground to 850 µm size using a laboratory grinder (IKA WERKE Type A10S2) and after shaking 
with sieve set No. 20. Amount of biomass was calculated on ODW basis and added to two 
separate vials for duplication analyses of glucose release.  Vials 1 and 2 were used as negative 
controls, containing only the substrate blank (no enzyme added) and enzyme ‗blank‘  (A).  
 
In the positive control (B), 0.1g filter paper was added to the vial. 5 ml 0.1 M sodium citrate 
buffer (pH 4.8), 40 µl tetracycline, and 30 µl cycloheximide were added into vials A and B and 
amount of distilled water was calculated to make up the total volume of each sample to 10 ml 
after the addition of enzymes. 250 µl of 1:1 enzymes mixture of Cellulase from Trichoderma 
reesei and Novozyme 188 (both from Sigma, UK) was added in all vials except the negative 
control (substrate blank).  
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In a separate vial, enzyme blank was added along with 250 µl cellulase enzyme preparation, 
sodium citrate buffer and water, but no Miscanthus biomass. The vials were incubated at 50
0
C 
for 7 days in Regris incubating shaker (Innova 4330, New Brunswick Scientific) and afterwards 
centrifuged at 3000 rpm for 10 minutes. The supernatant was pippetted out into 1.5ml eppendorf 
tube, centrifuged again, this time at 13000 rpm for 10 minutes, and each time transferred again 
into a new eppendorf. This was repeated once more, and then the standard glucose levels were 
assessed using a Jasco Intelligent HPLC with a Biorad Aminex HPX 87 P HPLC column. 
Enzyme derived glucose was examined as the percentage of ODW released from cellulose and 
the amount of soluble glucose as percentage of ODW was investigated from the negative control 
vials with no enzyme. Total glucose as percentage of ODW was also calculated by adding both 
enzyme derived and soluble glucose. 
 
4.2.3 Structural carbohydrate and lignin analyses 
Chemical components of cell wall were determined following the standard NREL Protocol LAP 
―Determination of Structural Carbohydrates and Lignin in Biomass‖ (Sluiter et al., 2008). The 
samples were ground to 850 µm size using a laboratory grinder and after shaking with sieve set 
No. 20. Determination of extractives was done by following the standard NREL protocol (Sluiter 
et al., 2008) prior to chemical analyses. An appropriate weight of biomass was calculated on 1.43 
g basis and then added in the extraction cell and placed all extraction cells in extraction cell rack 
of accelerated solvent extractor, Dionex ASE 200, which is an automated system to remove 
water soluble and ethanol soluble materials to prevent interference with later analytical steps by 
accelerating the two step extraction process using these solvents (water and ethanol successively) 
at 100 
O
C and 1500 PSI to the sample extraction cell. After heating, extract was flushed from the 
sample cell into a collection bottle. Then the extracted biomass was transferred and air dried in a 
pre-weighed boat. A small sample was removed from the air dried biomass for the calculation of 
moisture content and Oven dry weight (ODW) of air dried biomass. The derived percent mass 
loss was calculated by subtracting the ODW of the extracted material from the ODW of biomass 
before extraction, divided this number by ODW of sample before extraction and then multiplied 
this number by 100. This percent mass loss represented the percent extractives in the biomass.  
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Amount of biomass from above air dried biomass was calculated on 300 mg ODW basis and 
added in to pressure tube. To start, 3 ml of 72% H2SO4 was added into each tube, stirred with 
Teflon stir rod, incubated in water bath for one hour at 30 °C and stirred the samples every 15 
minutes to ensure uniform hydrolysis. Upon completion of hydrolysis, diluted the acid to 4 % by 
adding 84 ml deionized water, mixed the samples by inverting the tubes several times and 
autoclaved it for one hour at 121 °C. Vaccum filtered the autoclaved hydrolysis solution through 
previously weighed filtering crucibles, stored the filterate in two different falcon tubes. From 
falcon tube 1, determined acid soluble lignin by measuring the absorbance of each sample at 240 
nm on a UV-visible spectrometer after running a background of deionized water. The pH of each 
sample in falcon tube 2 was neutralized to 5-6 by using CaCO3 and then spun down to 13000 
rpm for 10 minutes. The supernatant was pippetted out into 1.5ml eppendorf tube, centrifuged 
again, this time at 13000rpm for 10 minutes, and each time transferred again into a new 
eppendorf. This was repeated once more, and then the standard glucose levels of each sugar in 
each sample were assessed across caliberation standards using a Jasco Intelligent HPLC with a 
Biorad Aminex HPX 87 P HPLC column. Filtering crucibles after vaccum filteration were 
placed in oven at 105 °C for 24 hours, cooled down in dessicator and weighed to calculate acid 
insoluble lignin and then placed in a Muffle furnace at 575 °C for 24 hours, cooled down and 
weighed to determine ash content.   
 
4.2.4 Statistical analyses 
Statistical analyses were performed on each data set with the help of IBM SPSS software version 
19. Means and standard errors were calculated. Means are presented in tables [4.2 to 4.31] and 
standard errors are presented as bar charts in Figures 4.1- 4.20. Analysis of variance (ANOVA) 
was performed on each set of data which tells the occurrence of significant difference of 
treatments (Harvesting time, age, locations, height of stem), but does not show which treatments 
are statistically significant from each other. To calculate significant difference among different 
treatments, a post hoc least significant difference (LSD) test was performed. To study the 
interaction between two independent variables (e.g. Harvesting time and internodes) and their 
interactive effect of glucose release, Two way ANOVA was performed with the help of IBM 
SPSS software 19 and interactive effects of significant variables on glucose were presented in 
figures 4.9, 4.10, 4.15 and 4.16 by estimating marginal means which are based on the estimated 
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cell means. For a given set of factors (e.g. Harvesting time and internodes), or their interaction, 
marginal means have been estimated as the mean value averaged over all cells generated by the 
rest of the factors in the model (Searle et al., 1980). A large number of ANOVA tables of 
saccharification results obtained in year 2009 are presented in appendix. 
4.3 Results 
 
4.3.1 Enzymatic saccharification of biomass and glucose release 
The enzymatic saccharification of the biomass from internode 3 was done for evaluation of 
enzyme derived glucose, of free glucose, and of total glucose as percentage of oven dried weight 
from biomass at monthly intervals over the growing season 2007 and 2008 and results presented 
in Figure 4.1. Means were separated by least significance difference test given in Figure 4.1. 
 
Table 4.1: ANOVA; Enzymatic saccharification of biomass 
Parameters Glucose Release (%) 
 From Internode 3 
In 2007 
From Internode 3 
In 2008 
 
 Enzyme 
derived 
Glucose 
Free 
glucose 
Total 
glucose 
Enzyme derived 
Glucose 
Free glucose Total glucose 
       
Fcal Value 3.67 11.55 9.58 17.58 8.49 29.77 
Fcrit Value 2.20 2.20 2.20 2.20 2.20 2.20 
df 7, 48 7, 48 7, 48 7, 48 7, 48 7, 48 
P- Value 0.002 0.000 0.000 0.000 0.000 0.000 
 
 
4.3.2 Saccharification and glucose release in internode 3 during season 2007-
08  
Analysis of variance showed significant results for enzyme derived glucose in year 2007 
(P=0.002). At different sampling intervals, enzyme derived glucose in internode 3 is variable and 
the highest percentage was noted in September (6.27%) [Tables 4.1, Figure 4.1].  Two different 
sections of eight monthly intervals were observed with the first four months (July-October) 
differing from last four months (November- February) (LSD=1.59). It means that there is no 
statistical difference between months in the first section for glucose release and the same is in 
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section 2, but the both sections differ from each other. Over the season in year 2007, ANOVA 
indicated significant results for free glucose as F value calculated is greater than F critical (P= 
0.000) (Table 4.1).  Free glucose from the same internode was estimated and their means were 
separated by LSD = 1.03 which divides the sampling intervals into two distinct classes with first 
two months having small difference among each other, next two months with small difference 
with each other and last three months which statistically differ from the first five months  (Figure 
4.1). The month October is different from all other months.  
 
The similar trend was observed in the case of total glucose in dry matter. F value from ANOVA 
is larger than F critical (P=0.000) (Table 4.1). First four months with greater values of total 
glucose release in dry matter were divided into two groups in which first three months (July-Sep) 
were similar with each other and three months (Aug-Oct) were similar with each other, but these 
two groups have very small difference from each other (LSD= 2.02) (Figure 4.1). These two 
groups of first four months were different from last four months which have lower values. The 
results illustrate that after October, total glucose release starts decreasing and follows the stable 
state of small change which suggests us that October is the ideal time of harvesting the M. 
giganteus because this is the time when crop senesces, and mostly nutrients re translocate into 
rhizomes leaving behind sufficient nutrient matter for the following season's crop. 
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Figure 4.1: Glucose as a percentage of ODW investigated in different harvesting months for comparison in years 2007 and 2008 in 
internode 3 of stems of M. giganteus. Enzyme derived glucose examined as a percentage of ODW. Soluble glucose as a percentage of 
ODW. Total glucose including soluble glucose examined also as a percentage of ODW. Errors bars are based on standard errors.
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4.3.3 Saccharification and glucose release in internode 3 during season 2008 
 Statistical analysis indicated remarkable results for enzyme derived glucose estimated in 
different months during year 2008 (F=17.58, Fcritical = 2.20) (Table 4.1). Means between 
different months were separated by post hoc least significant difference test (LSD=1.68).  Error 
bars show small variation among seven different repeats except in July, September and October 
(Figure 4.1). First four months (July-Oct) were statistically different from each other with the 
exception of August which was similar with October. Last four months were similar with each 
other and among them, November was also statistically similar with September (Figure 4.1).  
 
ANOVA shows that different months have also significant effect on soluble glucose in 2008 at  α 
= 0.05 (Table 4.1). LSD value revealed that first three months (July-Sep) were similar with each 
other and different from last five months. Last four months were also statistically similar with 
each other. October is significantly different from all other months (Figure 4.1).  Size of error 
bars  is small among seven different repeats which strengthens the reliability of data (Figure 4.1) 
Total glucose observed in year 2008 also differed significantly in different months, as F value 
calculated from ANOVA was larger than F critical (P= 0.000) (Table 4.1). LSD value (1.65) 
showed that there was a small difference in total glucose concentration observed in first four 
months except August which was similar to September. First four months were different from 
last four months which were similar with each other (Figure 4.1). Error bars show large variation 
in July and October except all other months (Figure 4.1). 
 
 
4.3.4 Saccharification and glucose release in internode 3 during year 2007, 
and 2008 
Table 4.2 presents the results of comparison of glucose release between year 2007 and year 2008 
in internode 3. F calculated (1.68) value for years 2007 and 2008 is smaller than F critical (P> 
0.05) (Table 4.2), indicating that year does not have any significant effect on enzyme derived 
glucose. In year 2007, at different sampling intervals the values of enzyme derived glucose 
followed an increasing and decreasing trend with the highest value in September (6.26), followed 
by July (5.62%) (LSD= 1.81) (Figure 4.1). Error bars show large variation only in July, Sep and 
Oct (Figure 4.1). But in year 2008, glucose release values gradually decreased and values of 
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August were similar with September and October and different from July and last four months 
(Nov-Feb) (LSD = 1.81) (Figure 4.1).  
 
In year 2007, soluble glucose decreased only once in August up to November, and then remains 
stable. The values in July and August were similar with each other with the highest in July 
(7.22%) (LSD= 1.00) but in year 2008, there was an increasing and decreasing trend with the 
highest value in October (5.55%) (LSD = 1.00) (Figure 4.1). Error bars show small variation 
between seven repeats (Figure 4.1).  ANOVA also presented that years do not have any effect on 
total glucose (P>0.05) (Table 4.2). The total glucose release values in year 2007 followed an 
increasing and decreasing trend with the highest value in July (12.85%) followed by 11.84% in 
September (LSD= 2.09). Similar trend was found in year 2008 with the highest in July (15%), 
followed by 12.05% in October (LSD=2.09) [Figure 4.1]. Error bars show large variation in July, 
October and February. It is inferred that in both year there were similar trend of glucose release 
which means on the basis of two year study, that year does not influence the pattern of glucose 
release. 
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Table 4.2: ANOVA; Enzymatic saccharification of biomass; Comparison between year 2007 and 2008 
 From Internode 3 
In 2007 and 2008 
 Enzyme derived Glucose Free glucose Total glucose 
  ANOVA between  2007  
and 2008 
 
            ANOVA between  2007  
and 2008 
 
     ANOVA between  
2007  and 2008 
 
 Months Year Months Year   
Fcal Value 14.05 1.68 15.95 34.63 25.77 2.89 
Fcrit Value 2.23 4.07 2.23 4.07 2.23 4.07 
Df 7, 42 1, 42 7, 42 1, 42 7, 42 1, 42 
P- Value 0.001 >0.05 0.0001 0.002 0.002 >0.05 
 
 
 
4.3.5 Saccharification and glucose release in internode 2 and internode 4 
during year 2008 
For the comparison between internode 2 & 4 over the season in 2008, the results of enzyme 
derived glucose from internode 2 are non significant and there is no statistical difference in the 
values of glucose release in the first four months (July-October) [Table 4.3 and Figure 4.2]. But 
the values of enzyme derived glucose from internode 4 are different from each other (P=0.004), 
with the highest value in July (7.5%) (LSD= 1.58) (Table 4.3 and Figure 4.2). The values of 
soluble glucose release from internode 2 followed an increasing and decreasing trend with the 
highest in July, and September which were also statistically similar with each other( LSD= 0.65), 
and trend of values in internode 4 were similar, but they all were statistically different from each 
other except the values of August and October (LSD= 0.80). Total glucose release values from 
internode 2 gradually decreased over the four months period. The values of July and September 
were similar with each other (LSD = 3.06) (Tables 4.3 and Figure 4.2). From internode 4, total 
glucose gradually decreased, however, the values of total glucose release in July were 
statistically distinct from the values in next three months (LSD= 1.89). It can be deduced upon 
these results that changing the internodal position have a remarkable effect on the release of 
glucose.  
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Table  4.3: ANOVA; Enzymatic saccharification of biomass from Internodes 2 and 4.  
Parameters   Glucose release (From Internode 2 
& 4 in 2008) 
 Enzyme derived 
Glucose 
Free glucose Total glucose 
 2 4 2 4 2 4 
Fcal Value NS 5.77 13.84 27.42 3.22 11.79 
Fcrit Value 3.00 3.00 3.00 3.00 3.00 3.00 
Df 3,24 3,24 3,24 3,24 3,24 3,24 
P- Value  0.004 <0.001 <0.001 0.04
05 
<0.001 
 
 
4.3.6     Effects of different internodes on saccharification in year 2009 
Enzyme derived glucose (EDG) observed at different heights of M. giganteus in September is 
variable and highest percentage was recorded in internode 11 (Figure 4.3). F value calculated 
from ANOVA is considerably greater than Fcritical (P=0.000), indicating that enzyme derived 
glucose significantly differ at different heights of the stem in September. Error bars show small 
variation among five repeats except in internode 11 which strengthens the reliability of data 
(Figure 4.3). Enzyme derived glucose of whole stem was similar to that of internode 3. LSD 
results represented that percentage of EDG in internodes 2, 3, 6 and 7 are similar with each other 
but were different from the concentrations observed in internode 10 and 11 (Figure 4.3). Highest 
percentage was found in internode 11. F value calculated from ANOVA of free glucose is also 
greater than Fcritical (P=0.000). Error bars represent small variation among five repeats (Figure 
4.3). LSD value indicated that concentrations of free glucose are similar in internode 2 and 3 but 
different from others (Figure 4.3). Internodes 6, 7 are statistically similar with internode 10 but 
different from internode 11. There is no significant difference between concentration of free 
glucose in internode 10 and 11. Highest percentage of free glucose was found in internode 2. 
There is significant difference of concentrations of total glucose in different internodes. F value 
calculated from ANOVA is greater than Fcritical (P=0.000). Figure 4.3 indicates higher 
concentration of total glucose in internodes 2 and 3 and then it decreases in internodes 6 & 7 but 
again increases gradually in internodes 10 and 11. Error bars show small variation among five 
repeats (Figure 4.3). LSD value indicated that total glucose in internodes 2, 3 and 11 are 
statistically similar with each other but different from internodes 6,7 and 10. Internodes 6 & 7 are 
similar with other. Total glucose of whole stem was close to that of internode 10. 
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Figure 4.2: Glucose as a percentage of ODW investigated from internodes 2 and 4 of stems of M. giganteus in different harvesting 
months in 2008. Enzyme derived glucose examined as a percentage of ODW. Soluble glucose as a percentage of ODW. Total glucose 
including soluble glucose examined also as a percentage of ODW. Errors bars are based on standard errors. 
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Enzyme derived glucose observed in October, 09 at different heights is also variable. F value 
calculated from ANOVA is greater than Fcritical (P= 0.02). LSD value indicated that 
concentration in internode 2 is statistically different from that observed in other internodes 
(Figure 4.3). EDG observed in internodes 3, 6, 7, 10 and 11 are statistically similar with each 
other. Error bars show smaller variation among five repeats (Figure 4.3). Free glucose 
concentration observed at different heights in October, 09 was also significantly different, as 
F value calculated from ANOVA is greater than Fcritical (P=0.008). LSD value shows that 
free glucose in internode 10 is statistically similar with internodes 2 and 3 but is different 
from internodes 6 & 7 (Figure 4.3)  
 
Concentration of Internode 11 is similar with that of 10 but different from internodes 2 & 3. 
Error bars show small variation except in internode 2 and 3 (Figure 4.3). Total glucose 
examined as a percentage of ODW at different heights in October, 09 was statistically non 
significant, as F calculated value was smaller than Fcritical (P= 0.09). 
 
Data observed in November from the figure 4.4 can be compared with the data observed in 
September and October given in Figures 4.5 and 4.6, as concentration of glucose in 
November resulted in lowest values. Enzyme derived glucose observed in November at 
different heights is also significantly different in different internodes, as F calculated is 
greater than Fcritical (P=0.02). Error bars show smaller variation (Figure 4.4). LSD value 
represented that values of internodes 2, 10 and 11 are similar with each other but different 
from internodes 3, 6 and 7 which are actually similar with each other (Figure 4.4). 
Concentrations of soluble glucose found at different heights in November also shows 
significant results, as F value is greater than F critical (P= 0.01). LSD value showed that 
concentration of free glucose in internode 2 is statistically different from the values of other 
internodes and concentrations observed in all other internodes are similar with each other 
(Figure 4.4). Error bars show small variation among five repeats (Figure 4.4). Total glucose 
examined as percentage of oven dried weight at different heights of the plant showed also 
significant results, as F calculated is considerably greater than F critical (P=0.000). Error bars 
show smaller variation among five repeats (Figure 4.4). LSD value indicated that total 
glucose observed in internode 2 is different from those found in all other internodes (Figure 
4.4). Values found in internode 3 are similar with those in internodes 7 and 10. 
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Further analyses showed that enzyme derived glucose also significantly changes in different 
internodes in January. F value calculated from ANOVA is greater than 2.62 (P=0.03). Error 
bars show small variation and strengthen the reliability of data (Figure 4.4). LSD value 
showed that enzyme derived glucose observed in internode 2 is similar with internode 11 and 
is significantly different from those in internodes 3, 6, 7 and 10 (Figure 4.4). Concentrations 
observed in internodes 3, 6, 7 and 10 are similar with each other. Concentrations of internode 
10 and 11 are also similar with each other. Free glucose also significantly differs among 
different internodes. ANOVA shows that F calculated is greater than Fcritical (P=0.03). Error 
bars show small variation in internodes 6, 10 and 11 except in internodes 2, 3 and 7 (Figure 
4.4). LSD value indicated that free glucose observed in internodes 3, 6, 7, 10 and 11 are 
similar with each other but different from internode 2 (Figure 4.4). Total glucose also shows 
significant results observed in different internodes. F calculated is greater than Fcritical 
(0.02). Error bars show large variation in internodes 2, 3 and 7 and small in others (Figure 
4.4). LSD value showed that total glucose determined in internodes 3, 6, 7, 10 and 11 are 
similar with each other but different from internode 2 (Figure 4.4). 
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Figure 4.3: Glucose as a percentage of ODW investigated in September and October, 2009 in different internodes of stem of M. gig in plot CS 408. Enzyme 
derived glucose examined as a percentage of ODW. Soluble glucose as a percentage of ODW. Total glucose including free glucose examined as a percentage 
of ODW. Errors bars are based on standard errors. 
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Figure 4.4: Glucose as a percentage of ODW investigated in November and January, 2009-10 in different internodes of stem of M. 
gig in plot CS 408. Enzyme derived glucose examined as a percentage of ODW. Soluble glucose as a percentage of ODW. Total 
glucose including examined as a percentage of ODW. Errors bars are based on standard errors. WSt shows composite of all internodes 
means whole stem. 
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4.3.7 Interaction of harvesting months and different internodes and their 
interactive effect on glucose in M. giganteus 
There was a significant interaction between harvesting months and different heights of the 
stem and interactive effects of both months and different internodes on enzyme derived 
glucose were also significant. The two way ANOVA indicates the effect of months, different 
internodes and their interaction on enzyme derived glucose yield. Difference between months 
is significant as F value calculated from ANOVA (5.98) is greater than F criticial (P=0.001), 
indicating that different months have significant effect on enzyme derived glucose. 
Difference between internodes is also significant as F value calculated from ANOVA (12.29) 
is larger than F critical (P= 0.00). Interaction between months and glucose is also significant 
as it‘s F calculated value (5.02) is also greater than F critical (P=0.00). The post hoc least 
significant difference test (LSD) showed for different internodes and months.  
 
LSD value for different months showed that all four months (September, October, November 
and January) have statistically different enzyme derived glucose (EDG) from each other 
which means months have remarkable effect on the EDG. However LSD values for 
internodes indicated that enzyme derived glucose in internodes 3, 6, 7 and 10 are similar with 
each other but they are different from another section of internodes values (Internodes 2 and 
11). Internodes 2 and 10 are similar with each other but internode 10 and 11 have significant 
difference of enzyme derived glucose. Figure 4.5 shows that there is significant interaction 
between different internodes and months estimated on marginal means of EDG, as all four 
different months reveal different patterns of EDG in different internodes. In September, 
enzyme derived glucose declines first from internode 2 to internode 7,and then it increased 
again in internode 10 and 11. However in October, EDG decreases from internode 2 to 3, 
remains stable to internode 6, declines again in 7, increased in 10 and 11. November and 
January indicated similar pattern by decreasing the concentration of EDG in internodes 3, 6 
and 7 and then again increasing in internodes 10 and 11 (Figure 4.5). 
 
Two factor ANOVA for soluble glucose in different internodes and months indicates 
significant results. Different months have significant effect on soluble glucose as F value 
calculated (28.61) is larger than Fcritical (0.000). F calculated value (16.82) for different 
internodes is also greater than Fcritical (0.000), indicating that different internodes also have 
significant effect on soluble  
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Figure 4.5: Interactive effect of months and internodes on enzyme derived glucose in year 
2009 in CS 408. Y-axis indicates 0% to 6% of EDG. Note: X-axis does not show 
proportional intervals between internodes (these are gaps in the series).  Different months 
show different pattern of enzyme derived glucose in different internodes. Marginal means 
of EDG by months and internodes were estimated as the mean value averaged over all cells 
generated by the rest of the factors (Searle et al., 1980). 
 
 
 
glucose. A positive correlation was observed between different months and internodes, as F 
value (2.22) is larger than F critical (0.000). LSD value for different months showed that 
there is no significant difference of soluble glucose observed in September, November and 
January, however these three months have statistical different concentration of soluble 
glucose observed in October. Two different sections of different internodes were observed 
with the first two internodes (2 & 3) differing from last four internodes (6, 7, 10 and 11) 
(LSD= 1.07), However internode 3 has also similar soluble concentration with those in 6, 7, 
10 and 11. Figure 4.6 indicates different months have different pattern of soluble glucose in 
different internodes. It reveals that all four months have same pattern of decline of soluble 
glucose from internode 2 to 6. There is small increase in internode 7 in September, November 
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and January but in October, increase in soluble glucose is more, and then in internode 10, 
soluble glucose further decreases September, November and January but free glucose 
increases in October. Soluble glucose declines in September and October in internode 11, 
however it increased in November and January. Overall, October has highest values of 
soluble glucose, followed by September as shown in figure 4.6. 
 
Two way ANOVA for total glucose including free glucose and enzyme derived in different 
months and different internodes showed that total glucose observed in different months is 
significantly different, as F values calculated (12.51) from ANOVA is larger than Fcritical 
(P=0.000). Different internodes have significant effect on total glucose, as F calculated value( 
16.08) is greater than Fcritical (P=0.000). ANOVA shows that different months and internodes 
have non-significant interaction (P=0.579), indicating that months and internodes do not have 
interactive effect on total glucose. The post hoc least significant difference test (LSD) 
revealed for different months and internodes. LSD value (1.49) for months showed that total 
glucose observed in September is statistically similar with October, November and January 
but those observed in October is different from November and January. LSD values 
calculated (1.49) for different internodes showed that total glucose in internode 2 is 
statistically different from the concentration of total glucose in all other internodes. Internode 
3 has difference from internode 6 and 11 and got similar total glucose with that in 7 and 10 
(Figure 4.6). Internode 6 has significantly different total glucose with internode 11 but similar 
with internodes 7. Internode 7 has different concentration from internode 11 but similar with 
internode 10. 
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Figure 4.6: Interactive effect of months and internodes on soluble glucose in year 2009 in 
CS 408. Y axis indicates 0% to 8% of soluble glucose. Note: X-axis does not show 
proportional intervals between internodes (these are gaps in the series).  Various months 
show different pattern of soluble glucose in different internodes. Marginal means of soluble 
glucose release months and internodes were estimated as the mean value averaged over all 
cells generated by the rest of the factors (Searle et al., 1980). 
 
 
4.3.8    Effects of different locations on saccharification 
Different locations have non significant effect on enzyme derived glucose in M. giganteus 
observed in September. F value (1.86) calculated from ANOVA is less than Fcritical (p=0.18). 
Error bars indicate small variation among six repeats (Figure 4.7). There was a significant 
difference of soluble glucose between different locations in September, as F value (5.53) 
calculated from ANOVA is larger than Fcritical (P=0.01). Error bars present small variation 
among six repeats (Figure 4.7). Post hoc least significant difference tests showed that all 
three different locations (CS 408, CS 546 and Silwood) have different concentrations of 
soluble glucose (Figure 4.7). Different locations have no effect on total glucose too, as F 
value (2.79) is less than Fcritical (P=0.09). Error bars show small variation among six repeats 
except in Silwood which strengthens the reliability of data (Figure 4.7). 
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Data shows that enzyme derived glucose in October is non significant for different locations 
at α= 0.05 level. F calculated (1.16) is less than Fcritical (P=0.34). Error bars shows small 
variation among six repeats (Figure 4.7). Results of soluble glucose are also non significant, 
indicating that different locations have no effect on soluble glucose. F value (2.41) is less 
than Fcritical (P=0.09). Error bars show relatively large variation (Figure 4.7). No significant 
difference was found between different locations for total glucose. F value (2.30) is less than 
Fcritical (P=0.1). Sizes of error bars show relatively a large variation (Figure 4.7). 
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Figure 4.7: Glucose as a percentage of ODW investigated in September and October, 2009 in different locations in internode 3 of stem of M. 
gig. Enzyme derived glucose examined as a percentage of ODW. Soluble glucose as a percentage of ODW. Total glucose including examined as 
a percentage of ODW. Errors bars are based on standard errors. 
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Data recorded in November is comparable with September, October and January. Enzyme 
derived glucose is non-significant observed from different locations in November. F value 
(2.92) calculated from ANOVA is less than Fcritical (P=0.059). Size of error bars is smaller 
except IBERS among six different repeats (Figure 4.8). Different locations have significant 
effect on free glucose in November. F value calculated from ANOVA is greater than F critical 
(P=0.001). Post hoc least significant difference test showed that CS 408 and Silwood has 
statistical similar percentage of free glucose but different from IBERS (Figure 4.8). CS 546 
has different concentration of soluble glucose from CS 408 and IBERS and similar with 
Silwood. Error bars show small variation except in CS 408 and IBERS (Figure 4.8). ANOVA 
test showed significant results for total glucose observed from different locations. F 
calculated from ANOVA (9.70) is larger than F critical (P=0.001). LSD value showed that 
total glucose observed in CS 408 is statistically similar with that of Silwood but different 
from CS 408 and IBERS, however CS 546 and Silwood are similar with each other (Figure 
4.8). Error bars show small variation except in IBERS (Figure 4.8). 
 
Statistical analysis showed that enzyme derived glucose found in January is non significant 
for different locations at α= 0.05 level. Error bar shows small variation in all locations 
(Figure 4.8). Results of soluble glucose in different locations also non significant, as F value 
calculated from ANOVA is less than Fcritical (P=0.08). Error bars show small variation except 
in CS 408 and IBERS (Figure 4.8). Statistical tests for total glucose in different locations also 
revealed non significant results at 0.05 level of significance (P= 0.19). Error bars show large 
variation in CS 408 and IBERS (Figure 4.8). 
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Figure 4.8: Glucose as a percentage of ODW investigated in November and January, 2009-10 in different locations in internode 3 of 
stem of M. gig. Enzyme derived glucose examined as a percentage of ODW. Soluble glucose as a percentage of ODW. Total glucose 
including examined as a percentage of ODW. Errors bars are based on standard errors. 
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4.3.9 Interaction of harvesting months and different locations and their 
interactive effect on glucose in M. giganteus 
Statistical test showed that difference between months is non-significant as F value calculated 
from ANOVA (2.38) is less than F criticial (P=0.07), indicating that different months have no 
significant effect on enzyme derived glucose. Difference between locations do not have any 
effect on enzyme derived glucose as F value calculated from ANOVA (1.84) is less than F 
critical (P= 0.14). Interactions between different harvesting month and locations also is non-
significant as it‘s F calculated value (1.35) is less than F critical (P=0.23). There is no positive 
interaction found between harvesting months (Sep, Oct, Nov and Jan) and different locations on 
enzyme derived glucose in M. giganteus. 
 
Difference between months is significant when observed for soluble glucose as F value 
calculated from ANOVA (85.8) is greater than F criticial (P=0.00), indicating that different 
months have significant effect on soluble glucose. LSD value showed that soluble glucose noted 
in September and October are statistically similar with each other but different from  those 
observed in November and January.  Difference between locations is significant too as F value 
calculated from ANOVA (2.86) is greater than F critical (P= 0.04). Post hoc LSD test revealed 
that free glucose observed in CS 408, CS 546 and Silwood were similar with other but different 
from IBERS. Concentration of free glucose found in IBERS was similar to that CS 546 and 
Silwood. Interactions between months and locations and their cumulative effect on soluble 
glucose is also significant as it‘s F calculated value (8.32) is greater than F critical (P=0.00). 
Figure 4.9 reveals three locations CS 408, CS 546 and Silwood have similar pattern of 
fluctuation of soluble glucose in September, October and November with the exception of CS 
408 in January, where CS 408 in January increased. However, trend of soluble glucose in IBERS 
is quite different in which soluble glucose as percentage of ODW is low in October and then 
increases in November and decreases again.  
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Two way ANOVA for total glucose showed that different months have significant effect on total 
glucose (P< 0.05), however different locations have non significant effect on total glucose (P= 
0.671). Interaction between months and locations is also significant as F calculated value (7.27) 
is greater than F critical (P=0.001). Post hoc least significant difference test indicated that total 
glucose observed in September and October is similar with each other but different from those in 
November and January. Glucose concentrations in November and January were also different 
from each other. Figure 4.10 shows profile plot of interaction between months and locations on 
total glucose. It illustrates that in September, total glucose yield in CS 408 and CS 546 is similar 
to each other but different from Silwood. However in October, the total glucose yield values in 
Silwood and CS 408 become closer to each other and values of IBERS and CS 546 are quite 
different from each other and also from Silwood and CS 408. In November, all four locations 
provided different glucose yield from one another as apparent from the interaction plot in figure 
4.10. However in January, all three locations (CS 546, Silwood and IBERS) presented relatively 
similar total glucose yield except CS 408.  
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Figure 4.9: Interactive effect of months and locations on soluble glucose in year 2009 in CS 408. 
Y-axis indicates 0% to 8% of soluble glucose. Note: X-axis does not show proportional intervals 
between months (these are gaps in the series). Different months show different pattern of 
soluble glucose in different locations. Marginal means of soluble glucose release by months and 
locations were estimated as the mean value averaged over all cells generated by the rest of the 
factors (Searle et al., 1980). 
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Figure 4.10: Interactive effect of months and locations on total glucose in year 2009 in CS 408. 
Y-axis indicates 0% to 10% of total glucose. Note: X-axis does not show proportional intervals 
between months (these are gaps in the series). Different months show different pattern of total 
glucose in different locations. Marginal means of total glucose release by months and locations 
were estimated as the mean value averaged over all cells generated by the rest of the factors 
(Searle et al., 1980). 
 
 
4.3.10   Saccharification in different species of Miscanthus 
 
4.3.10.1   Cell wall saccharification in M. sacchariflorus 
Analysis of variance showed that different months have significant effect on enzyme derived 
glucose observed in M. sacchariflorus (P=0.000). Post hoc least significant difference test 
indicated that EDG observed in June is statistically distinct from all other months (Figure 4.11). 
July and August were similar with each other and also with October and November but different 
from September. October and November were distinct from each other. Error bars show some 
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variation among six repeats (Figure 4.11). Different months have significant effect on free 
glucose (P=0.000). 
Means were separated by least significant difference (LSD = 0.42), which indicates that soluble 
glucose in September and October were similar with each other and different from others and 
also all other months were distinct from each others Except September and October (Figure 
4.11). Error bars show very small variation among 6 repeats which strengthens the 
reproducibility of data (Figure 4.11). F value (60.01) calculated from ANOVA for total glucose 
is greater than F critical (P = 0.000). LSD value (1.70) indicated June is distinct from all other 
months (Figure 4.11). July and August were similar with each other but different from other 
months values. September and October were similar. October and November were similar and 
distinct from others. 
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Figure 4.11: Glucose as a percentage of ODW investigated in different harvesting dates in 2009 in internode 3 of stems of different 
species. Enzyme derived glucose examined as a percentage of ODW. Soluble glucose as a percentage of ODW. Total glucose 
including soluble glucose examined as a percentage of ODW. Errors bars are based on standard errors. 
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4.3.10.2   Cell wall saccharification in M. sinensis 
Cell wall saccharification results in M. sinensis were significant between different months for 
enzyme derived glucose (F= 32.47, F critical = 2.53). Means were separated by LSD and 
presented in Figure 4.11. Error bars show small variation except in June (Figure 4.11). Months 
also have remarkable effect on soluble glucose estimated in M. sinensis (P=0.000). LSD value 
showed that June and August were similar with each other but different from others (Figure 
4.11). September and November were also similar with each other. Error bars show small 
variation among 6 repeats (Figure 4.11). There was also found a significant difference of total 
glucose between different months (P=0.000). Post hoc test confirmed that June is different from 
all other months (LSD = 1.80). July and September were similar but different from others. 
November was also similar with August and October (Figure 4.11). 
4.3.10.3   Comparison between different species of Miscanthus 
Two way ANOVA for enzyme derived glucose shows significant results. Months have 
significant effect on EDG (F =35.15, F critical = 2.49). Different species (M.giganteus, M. 
sacchariflorus and M. sinensis) significantly affect EDG (P= 0.01). Interaction between months 
and species  and their effect on EDG is also significant (P=0.00). Post hoc LSD test indicated 
that July is different from all other months (Figure 4.11). August is statistically similar with 
October and November. September is distinct from all other months. Means between different 
species were also separated by LSD, indicating that enzyme derived glucose values observed in 
all three species (M.giganteus, M. sacchriflorus and M. sinensis) were statistically similar with 
each other (Figure 4.11). Comparison between months and species is shown in figure 4.11. M. 
sacchariflorus and M. sinesnsis indicate the same pattern of fluctuation of enzyme derived 
glucose to that of M. giganteus and M. sinensis and M. sacchariflorus have their highest values 
in June. 
 
Soluble glucose also showed significant results between different months (P=0.00). Different 
species have significant effect on soluble glucose, as F value calculated from ANOVA is larger 
than Fcritical. A significant interaction was found between months and species (P=0.00). LSD 
value showed that July and August were statistically similar with each other but different from 
other months and September is distinct from all other months (Figure 4.11). LSD value indicated 
that M. sacchariflorus and M. sinesnsis were similar with each other but different from 
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M. giganteus (Figure 4.11). Error bars show small variation among repeats which strengthens the 
reliability of data (Figure 4.11).   
 
Analysis of variance showed significant results between different months (P=0.000). Species do 
not show any effect on total glucose as F value calculated (3.07) from ANOVA is less than F 
critical. Interaction between months and species is significant on soluble glucose (P=0.000). 
Means were separated by LSD which shows that July and September were statistically similar 
with each other, from August, October and November and October and November were similar 
with each other (Figure 4.11). Highest values were found in June, and then declined in July and 
August and again increased in September and decreased in October. Error bars show small 
variation except in June and August (Figure 4.11).  
 
4.3.10.4   Chemical composition of stem cell wall of M. giganteus at different 
months in year 2007 and 2008 
Table 4.4 shows chemical characteristics of internode 3 of M. giganteus at different months in 
year 2007. Among the polysaccharides, glucan was highest (40 %), which was followed by xylan 
(16 %). Arabinan (1 %) found was so small but no other polysaccharide was detected. Statistical 
tests showed non significant results for structural carbohydrates, lignin and ash, however 
ANOVA showed that different months have significant effect on extractives. Post hoc Least 
Significant Difference test showed that extractives determined in September and November were 
statistically similar with each other but different from October.  40 % glucan ODW as received 
was found in September which was decreased in October (36 %) with an increase in November 
(40.95 %). Error bars show small difference of variation among the three repeats (Figure 4.12). 
Maximum value was found in November. Concentration of xylan in September was 16.39 % 
which reduced to 15.38 % in October with the highest value found in November (16.99 %). Error 
bars indicated smallest variation (Figure 4.12). There was a gradual increasing trend for arabinan 
found in September (0.96 %), October (0.97 %), and November (1.15 %). Smallest variation was 
found among three repeats as shown in Figure 4.12. Lignin decreased from September (24.82 %) 
to October (23.01 %) and then again increased in November (24.09 %). Ash gradually increased 
from September (0.55 %) to October (0.77 %) with the decrease in November (0.66 %). Percent 
extractives determined in September (10.74 %) and November (9.10 %) were similar statistically 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Enzymatic Saccharification and Cell Wall Characteristics Page 140 
 
with each other but different from October (17.30 %). Error bars show smallest variations in 
September and November but large variation among three repeats in October there it produced 
significantly different values from others. Total mass is approximately 93 % in all three months. 
 
Results found in year 2008 were comparable with year 2007 (Table 4.5). Glucan found was non 
significant (P=0.43).  Highest value was found in September (39.32 % ) which reduced in 
October (35.71 %) and then increased again in November (39.12 %). Error bars show small 
variation except in October (Figure 4.12). Xylan also decreased from September (16.37 %) to 
October (14.83 %) and increased in November (15.95 %) and different months did not have any 
effect on the concentration of xylan (P=0.08). Error bars show smaller variation (Figure 4.12). F 
calculated value (14.97) for arabinan from ANOVA was greater than F critical, indicating that 
different months have significant effect on the concentration of arabinan (Table 4.5).   
 
Table 4.4: Cell wall composition of Internode 3 of stem of M. giganteus at different months in year 2007. The 
table refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not 
differ significantly. 
 
Percent (ODW) 
as received 
Sep Oct Nov 
 
F Cal 
 
Fcritical 
 
P Value 
 
LSD 
Glucan 40.02 36.17 40.95 4.33 NS 5.14 0.06 - 
Xylan 16.39 15.38 16.99 3.96 NS 5.14 0.07 - 
Arabinan 0.96 0.97 1.15 0.32 NS 5.14 0.74 - 
Lignin 24.82 23.01 24.09 2.88 NS 5.14 0.13 - 
Acid insoluble 
lignin 21.42 20.21 21.09 
 
 
1.46 NS 
 
 
5.14 
 
 
0.30 
 
 
- 
Acid Soluble 
lignin 2.99 2.70 2.60 
 
4.39 NS 
 
5.14 
 
0.06 
 
- 
Ash 0.55 0.77 0.66 0.37 NS 5.14 0.70 - 
Extractives 10.74 
a
 17.30  
b
 9.10 
a
 6.92 5.14 0.02 4.89 
Total Mass 93.50 93.37 92.96     
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Table 4.5: Cell wall composition of Internode 3 of stem of M. giganteus at different months in year 2008. The 
table refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not 
differ significantly. 
 
Percent (ODW) 
as received 
Sep Oct Nov 
 
F Cal 
 
Fcritical 
 
P Value 
 
LSD 
Glucan 39.32 35.71 39.12   1.12 NS 9.55 0.43 - 
Xylan 16.37 14.83 15.95   3.78 NS 5.14 0.08 - 
Arabinan      0.66 
a
       0.46 
a
      1.25 
b
 14.97 5.14 0.00 0.31 
Lignin     23.52 
a
     22.46 
a
    26.52 
b
 22.16 5.14 0.00 1.32 
Acid insoluble 
lignin 20.76 
a
 20.43 
a
 23.15 
b
 
 
59.97 
 
5.14 
 
0.00 
 
0.56 
Acid Soluble 
lignin 3.01 
a
 2.69 
b
 2.53 
b
 
 
6.96 
 
5.14 
 
0.02 
 
0.27 
Ash       0.77 
a
       0.55 
a
      1.22 
b
   9.33 5.14 0.01 0.32 
Extractives       7.95 
a
     14.05 
b
     10.56 
c
 57.14 5.14 0.00 1.20 
Total Mass 88.62 88.09 94.65     
 
 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Enzymatic Saccharification and Cell Wall Characteristics Page 142 
 
  
Figure 4.12:  Cell wall composition of Internode 3 of stem of M. giganteus at different months in year 2007 and 2008. Errors bars are 
based on standard errors. 
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Means were separated by LSD, indicating that concentration of arabinan found in September 
(0.66 %) and October (0.46 %) were similar with other but different from November (1.25 %) 
(LSD = 0.31). There was smallest variation among three repeats of arabinan (Figure 4.12). 
Different months have also significant effect on lignin concentrations (P=0.00) (Table 4.5). LSD 
value showed that values of lignin found in September (23.52 %) and October (22.46 %) were 
similar but distinct from November (26.52 %). Error bars indicated smallest variation (Figure 
4.12). Percent ash determined in different months were also significant (P=0.01) and LSD value 
indicated that September (0.77 %) and October (0.55 %) results were similar but different from 
November (1.22 %). ANOVA test also showed significant results for extractives and LSD value 
indicated that all three months have distinct values from one another with the highest value 
found in October (14.05). Total mass found in September and October were 88 % (Approx) and 
94 % in November.  
 
4.3.10.5   Basic Density, total biomass yield and total glucose of M. giganteus 
Results showed that basic density and biomass yield of M. giganteus harvested from CS 408 
increased up to October and basic density increased in November and then remained constant in 
the following months. However biomass yield measured increased up to October and then starts 
declining in November and January (Figure 4.13). Total glucose measured in 2008 as percentage 
of ODW is highest in July, decreases in Aug and Sep and then icreases in October and again 
declines in Nov and follows the same plateau. 
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Figure 4.13: Basic density (g/cm
3
) measured from CS 408. Biomass yield (t/ha) of M. giganteus estimated from CS 408. Total 
Glucose in internode 3 of stems of M. giganteus estimated from CS 408. Total glucose including soluble glucose examined as a 
percentage of ODW. Errors bars are based on standard errors. 
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4.4     Discussion 
 
4.4.1    Interaction of harvesting dates, growth developmental stages and 
lignification and their cumulative effect on saccharification yield 
The present study was designed to determine the effect of different harvesting months and 
lignification on the glucose yield of M. giganteus which is a surrogate of bioethanol yield. The 
results of this study show that different harvesting months have significant effect on 
saccharification yield. It was found that Enzyme derived glucose and total glucose yield was 
highest in July, decreased in August and September and increased in October and then again 
decreased in November and then changed slightly to January and February in both years 2007 
and 2008. Soluble glucose was higher in the first four months and then decreases and follows the 
same pattern. Highest saccharification yield in July at the time of cell wall expansion (as 
described in chapter 3) was due to the fact that there was less lignin content observed in the stem 
of M. giganteus giving access of cellulase to breakdown cellulose and also at this stage, stem of 
M. giganteus contains high soluble sugars which is a possible reason for the highest 
saccharification yield in immature shoots (Okahisa et al., 2005).  
 
After cell wall expansion stage in July, glucose is needed to provide energy for different growth 
processes, as cell wall is thickening and deposition of secondary cell wall also starts, so glucose 
is consumed to deliver energy to plants for various growth processes which causes to get 
relatively lower glucose after saccharification in August and September. After cell wall 
thickening stage, plants acquire full maturity in October and glucose accumulates in plants 
therefore glucose yield again increases in October after saccharification. But after maturity, there 
is no more growth processes occurrence in plant and lignin content is also highest in December, 
so higher lignin content becomes the major factor limiting cell wall saccharification which 
resulted in reduced glucose yield after saccharification in November to February. These results 
corroborate the findings of a great deal of the previous work (Besle et al., 1994; Jung, 1989). Hui 
et al. (2009) found similar fluctuation of enzymatic saccharification efficiency in switch grass at 
different growth developmental stages and concluded that lignification and maturity stages are 
inversely correlated with enzymatic saccharification efficiency. Shengying and Chen (2006) also 
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reported that lignin had a negative effect on the enzymatic hydrolysis of cellulose in rice. Jung et 
al. (1995) reported that decrease in cell wall degradation in Maize is linked with a large increase 
in lignin content, as lignification has been detected as the major factor limiting cell wall 
saccharification (Buxton and Russell, 1988; Vogel and Jung, 2001). Chen et al. (2002) found 
similar trend of decreased cell wall digestibility with increasing maturity in Tall fescue. Fujii et 
al. (1993) described that lignin content of immature bamboo shoot is lower than that mature 
bamboo shoot and have optimized immature bamboo shoot by hydrolyzing by enzymes to get 
higher glucose yield by saccharification.  
 
The current study also shows  that basic density and total biomass yield of M. giganteus 
increased gradually from July and is highest in October and then stabilizes and saccharification 
also increases gradually up to October which shows that glucose yield is correlated with increase 
in basic density and total biomass yield and these results are in line with those of Li et al. (2007). 
Current study showed that basic density and biomass yield of M. giganteus increases up to the 
stage of development when plant acquires maturity. As soon as the plant reaches maturity, 
density of stem follows stable state of change but biomass yield of plant starts decreasing. The 
reduced yield of M. giganteus is one reason for lower glucose yield after maturity and these 
findings are consistent with those of Le at al. (2010) in M. giganteus and Bals et al. (2010) in 
switch grass. The results of this study illustrate that after October, total glucose release starts 
decreasing and follows the stable state of small change which suggests that October is the ideal 
time of harvesting the M. giganteus because this is the time when the crop senesces, and mostly 
nutrients re- translocate into rhizomes leaving behind sufficient nutrient matter for the following 
season's crop. Depending on different growth developmental stages, biomass yield, lignin 
content and saccharification yield, Pahkala et al. (2007) also optimized late autumn as an ideal 
harvesting time for reed canary grass. 
 
Brereton et al. (2010) carried out a comparative study of saccharification yield of different 
genotypes of willow with different bioethanol feed stocks (M. giganteus, willow and Pine) with 
out any pretreatment. They found higher glucose yield (8.5%) of Miscanthus than Pine (4%). 
Results of M. giganteus were also comparable with different genotypes of willow with higher 
total glucose yield (11-14%) of two genotypes than M. giganteus (8.5%) and with lower glucose 
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yield (8%) of one genotype than M. giganteus. They conducted this study in winter/spring. So in 
future, a comparison among different biomass crops with different genotypes of M. giganteus in 
October will make this study more clear.  
 
4.4.2   Saccharification with respect to different heights of stem of M. 
giganteus 
This study sets out with the aim of assessing the importance of selecting internodes from 
different heights and estimating their effects on saccharification yield. The results show that 
internodes from different heights have significant difference of glucose yield among each other. 
Internodes at the top and bottom have higher saccharification yield than those in middle portion. 
Upper internodes are less lignified, therefore have higher glucose yield than middle internodes, 
but glucan (as cellulose), principal cell wall component exists in more quantity in bottom 
internode (2) than upper internodes (Klimeš et al., 1999) which result highest saccharification 
yield in internode 2. The results of current study corroborates with those of Le et al. (2010) who 
observed more glucose in internode 2 (basal) than that in internode 11 (Upper) in M. giganteus.  
Tomoko et al. (2009) observed that lignin content is higher in bottom portion of Bamboo and 
therefore indicated lower saccharification yield in bottom section and higher glucose yield in 
upper portion. They actually cut the bamboo into different section in spite of taking internodes 
into account with each section of 100 cm height from the ground, excluding the bottom 
internodes, therefore results of current study do not corroborate with them in case of internode 2. 
Jung et al. (1995) described that lignin content increased from the youngest (upper) to the middle 
internodes in Maize and due to which, younger (upper) internodes have higher saccharification 
yield than middle internodes. Gomez et al. (2008) did not record any difference in 
saccharification yield among internodes 5, 6, and 7 of stem in Brachypodium, indicating that 
saccharification efficiency does not change in the middle portion of stem which corroborates 
with the results of current study. Chen et al. (2002) observed contradictory results to current 
study that cell wall degradation of tall fescue decreases with the increasing maturity of 
internodes, being highest at younger internodes and lowest in mature internodes. Shengying and 
Chen (2006) also observed that internodes with lowest lignin content gave the highest 
saccharification yield, but they didn‘t record any information from basal internodes.  
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4.4.3  Saccharification of M. giganteus harvested from different locations 
Results obtained show that different locations (CS 408, CS 546, Silwood and IBERS) do not 
have any remarkable effect on saccharification of M. giganteus harvested at four monthly 
intervals (September, October, November and January). CS 408 and CS 546 were from the 
plantations site of Rothamsted, however IBERS was from Aberystwyth University from different 
climatic and soil zone. To date, no research work has been published that compares the response 
of different location on saccharification of M. giganteus. Enzyme derived glucose from cellulose 
and total glucose estimated from all four locations were non significant, but soluble glucose was 
significant in September and November. Plants harvested from various plantation sites might 
have different level of free glucose. These observations from different locations strengthens the 
results of 2007-2008 & 2009 obtained from CS 408 and validates the fact that there is a step 
down behavior of glucose release from October and then it follows the same pattern regardless of 
the climatic site or location. However these results differ from those published by Bals et al. 
(2010) who observed that different locations have substantial effect on sugar release from switch 
grass. There is not much information available in literature regarding effect of different locations 
on saccharification. 
 
4.4.4   Saccharification of the flowering species of Miscanthus 
Saccharification of M. sacchariflorus and M. sinensis was carried out in year 2009 in order to 
compare the results with those obtained from M. giganteus to confirm the saccharification 
pattern of M. giganteus in UK over different monthly intervals in one growing season, as it does 
not flower in UK and has adapted a residual or pseudo flowering behaviour. This study was 
designed to confirm this idea that the decrease in concentration of glucose in August/September 
and then again increase in October, followed by a decrease in November might be due to Pseudo 
flowering of M. giganteus but the results obtained showed that M. sacchariflorus and M. sinensis 
also followed the same pattern of saccharification as that of M. giganteus and this behaviour is 
not due to residual flowering of M. giganteus. 
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4.4.5   Chemical composition of cell wall of stem of M. giganteus at different 
months in year 2007 and 2008 
Glucan was the principal cell wall component found in M. giganteus ranged from 35 to 40 
percent in both years indicating the process of deposition of cellulose in cell wall from 
September to October. Xylan was found as the second cell wall sugar and main hemicellulose in 
M. giganteus (Le et al., 2010; Jung and Casler, 2006a) accounted for 15-17 % approximately in 
both years. Cell wall of M. giganteus contained small amount of arabinan (0.46 to 1.25 %). 
Arabinan started to accumulate during early stages of cell wall development, particularly 
associated with primary wall growth and major secondary cell wall constituent (xylan) started to 
amass at maturation (Jung, 2003). Acid insoluble lignin content ranged from 20-23% in 
September to November in both years which was close to the values found by Vrije et al. (2002) 
and Yoshida et al. (2008). Acid soluble lignin accounted for 2.8 % approximately. Total lignin as 
received increased from September to November. These quantitative results of lignin are also in 
line with the qualitative findings of development of lignification at different months over 
growing season described in Chapter 3. Due to Increased lignin content found in November, 
saccharification yield was lower than those found in September and October when lignin content 
is low validating the fact that there is a negative co-relation between lignification and 
saccharification efficiency.  
 
Percent ash also increases with the increasing maturity of the crop. Results showed increased 
content of extractives at the time of maturity which impart resistance to degradation (Li et al., 
2007). Increased content of cell wall components in November than those observed in September 
indicated that biomass harvested in November are rich in thick secondary cell wall than early-
harvested biomass (Le et al., 2010; Kaack et al., 2003). Overall, results of this study showed that 
delayed harvest produced significantly increased cell wall fraction, as compared to early-
harvested biomass. Taken together results of saccharification and compositional analyses, it is 
evident that soluble sugars decreased after October which could be attributed to the senescence 
and re translocation of nutrients into the rhizome of M. Giganteus. (Le et al., 2010). 
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4.5     Conclusions 
The most obvious finding emerging from this study is that saccharification yield of M. giganteus 
depends on harvesting months, developmental stages and lignification of the crop. Glucose yield 
after saccharification fluctuates at various growth stages and at different levels of lignification 
throughout the season. Results obtained also show that there was a negative correlation between 
saccharification and lignification. Various growth and metabolic processes occurring at different 
temporal growth stages also affected saccharification yield, therefore at full maturity of crop 
(October) when basic density and total biomass yield were also highest, saccharification yield 
was higher, and afterwards decreased in the following months due to high lignin content. 
October was found an ideal month to harvest with respect to saccharification depending on 
growth stages, biomass yield, lignin content of the crop and capacity of crop to re translocate 
nutrients into rhizome. Higher amount of soluble sugars in addition to enzyme derived glucose 
makes it an ideal crop of future research when compared with other bioethanol feedstocks. 
 
One of the more significant findings to emerge from this study is that saccharification yield is 
variable at different heights of the stem, being highest in internode 2 due to the fact that bottom 
internodes are mature and have more glucan and higher in internode 11 because of less lignin 
content. Results also suggested that different locations did not affect glucose yield and step down 
behaviour of crop in November with respect to saccharification yield is not due to residual 
flowering of M. giganteus in UK, as flowering species of Miscanthus also showed similar results 
of saccharification.  
 
A future study investigating the effect of various locations from different countries having 
diverse climatic and soil zones would be very interesting. In addition, investigation on 
saccharification yield and non-structural carbohydrates at different months in stem and its 
respective rhizome would be very helpful to enhance our understanding of nutrient re 
translocation to rhizome. A comparative study on saccharification of M. giganteus with different 
bioethanol crops particularly in September, October and November will be very useful in future. 
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CHAPTER 5 
 
Investigation of enzymatic degradation of cell wall 
 
5.1   Introduction 
 
This chapter examines the enzymatic breakdown of cellulose of different tissues and cell types 
from the stem samples of M. giganteus harvested at the different monthly intervals. 
 
Cellulose is the most abundant polysaccharide on earth and is major polymer in plants. Due to 
the competition with food crops, future research is focused to produce ethanol from glucose 
produced from the hydrolysis of cellulose of second generation crops. Cellulose is difficult to 
hydrolyse due to its complex structure as it is embedded in a matrix of other polysaccharide and 
lignin.  
 
Efficient hydrolysis of cellulose needs a mixture of several functional types of cellulases 
including endoglucanases, cellobiohydrolases and β-glucosidases. The cellulose microfibrils by 
action of endoglucanases release free cellulose chains which break down by the action of 
cellobiohydrolase by acting on β (1, 4) linkages release cellobiose, a glucose dimer, which is 
hydrolysed by β- glucosidase into glucose monomers. Efficiency and rate of enzymatic 
hydrolysis depends on many factors  including cellulose characteristics (degree of 
polymerization, crystallinity, pore size), the enzyme system (synergism, adsorption) and 
association of cellulose with hemicelluloses and lignin (Esteghlalian, 2001; Grethlein, 1985; 
Klyosov, 1990; Klyosov et al., 1986; Mansfield, 1999). Differences in cellulose characteristics, 
composition and association in different tissues and cells within plants are expected and 
differences are also expected at different harvesting months. 
 
To investigate degradation of celluloses of different tissues and cell types at different harvesting 
months, in situ light microscopic approach was used to study enzymatic treatment of transverse 
and longitudinal sections in the cavities of microscopic slides having cellulase enzymes. Thin 
cross sections of 2 µm were also cut after hydrolysing blocks of internodes for specified days, 
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followed by embedding in order to ensure uniform accessibility and distribution of enzymes to 
different cell wall layers of different tissues and cells. 
 
The main aims of the part of the study are to investigate the enzymatic degradation of plant cell 
wall of different tissues and cell types at different harvesting months and to understand the 
susceptibility of different tissues and cell types to breakdown and to find out which cells are 
easily  degradable and which ones are recalcitrant.  
 
5.2 Materials and Methods 
 
5.2.1   Collection of plant material 
Plant material of M. giganteus were collected from plot CS 408 at five monthly intervals (July, 
September, October, November and January) in year 2009. Internode 2 was selected for this 
purpose. 
 
5.2.2   Fixation 
Mid part of internode 2 of M. giganteus were fixed in FAA within approx. 5-6 hours of stem 
sampling from RRes as described in section 3.2.2. 
 
5.2.3  Screening of amount of enzyme used for degradation 
Three following concentrations of enzyme were initially tested by exposing 27 µm transverse 
sections to them. 
 
5.2.3.1 Amount of enzyme used at the beginning to study degradation 
To start, 5 ml 0.1 M sodium citrate buffer (pH 4.8), 40 µl tetracycline, and 30 µl cycloheximide 
were added into vial and amount of distilled water was calculated to make up the total volume of 
each sample to 10 ml after the addition of enzymes. 250 µl of 1:1 enzymes mixture of Cellulase 
from Trichoderma reesei and Novozyme 188 (both from Sigma, UK) was added in all vials. 
Mixed very well this mixture in vial on vortex and then taken on each cavity of microscopic slide 
50 µl out of this total saccharification solution from vial. 
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5.2.3.2 Amount of enzyme doubled used to study degradation 
In this enzymatic mixture, only amount of enzyme was different from that mentioned in section 
5.2.3.1. Volume of enzyme was doubled than that mentioned in 5.2.3.1. 500 µL of 1:1 enzymes 
mixture of Cellulase from Trichoderma reesei and Novozyme 188 (both from Sigma, UK) was 
added in all vials, and then 27 µm transverse and longitudinal sections were exposed to them and 
observed degradation. Taken on each cavity of microscopic slide 50 µl out of this total 
saccharification solution from vial. 
 
5.2.3.3 Higher concentration of enzyme used for degradation 
In this enzymatic mixture, only the amount of enzyme was different from that mentioned in 
section 5.2.3.1. The volume of enzyme was double that mentioned in 5.2.3.2. 1000 µl of 1:1 
enzymes mixture of Cellulase from Trichoderma reesei and Novozyme 188 (both from Sigma, 
UK) was added in all vials, and then 27 µm transverse and longitudinal sections were exposed to 
them and observed degradation. Taken on each cavity of microscopic slide 50 µl out of this total 
saccharification solution from vial. 
 
Different slides which were prepared by the enzymatic concentration from 5.2.3.1, 5.2.3.2 and 
5.2.3.3 were compared and finally observed highest degree of degradation in slides prepared 
from 5.2.3.3 under light microscopy and then it was decided to use concentration of enzyme in 
5.2.3.3 in future experiments to study degradation of cell walls in different cells. This higher 
concentration of enzyme was selected due to the fact that it gave a high degree of degradation in 
the early-harvested material and also gave some degree of degradation in samples harvested late 
and due to the enzyme activity and viability of saccharification liquid for longer incubation 
period (25 days). 
 
5.2.4  Sectioning and preparation of slides 
Double cavity slide was used for this purpose. On the border of cavities of each slide, a ridge was 
prepared by 3-4 coats of Nail varnish as it is water insoluble and would help to have a small air 
tight chamber for the section immersed in saccharification liquid for a longer time. Transverse 
and longitudinal sections of un-embedded material from different months (July, Sep, Oct, Nov 
and January) were cut at 27 µm thickness with a Reichert sliding microtome fitted with a 
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disposable low profile blade and placed on a cavity of microscopic slide and poured 50 ul 
standard NREL saccharification buffer onto cavity as shown in Figure 5.1 with enzyme 
concentration described in section 5.2.3.3 and then covered with cover slip by adding some more 
nail varnish on the border of ridges so that it can be sticked and air tight to stop evaporation. 
From each monthly interval, a negative control containing only substrate blank with all the 
buffers, antibiotics and water but without enzymes were also used. 
 
5.2.5 Length of Incubation, observation and selection of degraded cells, 
counting of degraded and undegraded cells and staining 
The prepared slides were incubated at 50 
0
C for several different time points (day 3, day 7, day 
15 and day 25) and were also observed for degradation under light microscope after few hours, 1 
day, day 3, day 7, Day 15 and day 25, and degraded and un degraded cells were counted under 
light microscope at 4 different incubation intervals (day 3, day 7, Day 15 and day 25). Same 
section from individual internode was cut at least four times to harvest at four intervals of 
incubation in a way to remove first on day 3 from oven, 2
nd
 on day 7, 3
rd
 on day 15 and last on 
day 25. From, all these removed slides from incubation, cover slips were detached with acetone 
very carefully, and ridge of Nail varnish removed with the help of scalpel. Now this degraded 
section was stained with safranin and counterstained with Alcian blue as described in section 
3.2.2.1. A Zeiss Axioskop 2 with axiocam and axiovision software v 3.1 was used for 
observations and image collection. 
 
Degraded cells were defined on the basis of following criteria:- 
 
Examples of degradation of layers of secondary cell wall of parenchyma cells and a few fibre 
cells adjacent to the cell lumen can be seen in Plates 5.1, 5.2, 5.11 and 5.12. However no 
degraded cell wall layers were seen in some reclacitrant cells. These parenchyma and fibre cells 
with a broken layer of cell walls were defined degraded cells in this study and were counted at 
different days of incubation. 
Phloem tissues were partially degraded at the start of incubation but were fully damaged after 15 
days of incubation (Plates 5.10 and 5.12). 
  
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Investigation of Enzymatic Degradation of Cell Wall Page 155 
 
 
 
Figure 5.1: 50 µl standard NREL saccharification buffer onto cavity of each slide with enzyme 
concentration described in section 5.2.3.3 and then covered with cover slip by adding some more 
nail varnish on the border of ridges so that it can be sticked and air tight to stop evaporation. 
 
5.2.6 Preparation of plant material to study degradation of thin section (2 µm) 
Blocks of internode 2 from the same sampling intervals (July, Sep, Oct, Nov and January) were 
put into universal 20 ml vials which already include saccharification enzymatic buffer solution as 
described in 5.2.3.3 and also with substrate blank without enzyme and were placed in shaking 
incubator at 50 
O
C for the same length of incubation described in 5.2.5 and vials were removed 
from incubator following the same schedule of incubation (Day 3, Day 7, Day 15 and Day 25). 
 
5.2.6.1 Embedding of degraded blocks of M. giganteus 
Pieces of internode 2 were cut down to a size of 1 x 1 x 5 mm
3
 after removing from incubator at 
specified days, and kept in 4 % FAA overnight (12 hours). Rinsed well and stored in 70 % 
ethanol, until embedding. Soaking through a graded ethanol series of 80, 95 and 2 x 100 % for 
thirty minutes at each application and dehydrated the thin slices samples of M. giganteus in 
preparation for infiltration of the resin. Each substitution was left for 2 hours in a rotator with the 
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exception of the final substitution which was left overnight. Size 4 Agar gelatin capsules were 
heated in an oven at 60 C for 30 minutes prior to the addition of degraded samples of M. 
giganteus. The samples were then added to the capsules, preferred face down and filled to just 
below the top of the capsule. The tops of the capsules were added and the LR White filled 
capsules were placed in an oven at a constant temperature of 60 C ( 2 C) for 24 hours to 
polymerise the resin. 
 
5.2.6.2 Thin sectioning of degraded blocks of M. giganteus 
2 µm TS were cut by Reichert ultramicrotome from all the degraded samples with their control 
without enzymes and then stained with safranin for 2 minutes, followed by rinsing it with de-
ionized water for 30 seconds, and drying the slides on hot plate. Put an appropriate amount of 
DPX on it and then mounted it as a permanent slide and investigated under light microscopy. A 
Zeiss Axioskop 2 with axiocam and axiovision software v 3.1 were used for observations and 
image collection. 
 
5.2.7 Statistical analyses 
Statistical analyses were performed on each data set obtained after calculation of degraded 
parenchyma and fibre cells under microscope with the help of hand tally counter from four 
different repeated microscopic slides from each time point. Means and standard errors were 
calculated. Means were presented in tables 5.2, 5.3, 5.5 and 5.6 and standard errors were 
presented as bar charts in Figure 5.2. Analysis of variance (ANOVA) was performed with the 
help of IBM SPSS version 19 on each set of data which tells the occurrence of significant 
difference of treatments (Harvesting time, length of incubation), but does not show which 
treatments are statistically significant from each other. To calculate significant difference among 
different treatments, a post hoc least significant difference (LSD) test was performed. Two way 
ANOVA was performed with the help of IBM SPSS software 19 and interactive effect of 
significant variables (e.g. months and days of incubation) on degradation (%) of cells was 
presented in figure 5.3 by estimating marginal means which are based on the estimated cell 
means. For a given set of factors (e.g. months and days of incubation), or their interaction, 
marginal means have been estimated as the mean value averaged over all cells generated by the 
rest of the factors in the model (Searle et al., 1980). 
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5.3     Results 
 
 
5.3.1     Investigation of degradation of cell walls of different tissues 
Results obtained showed that the 27 µm sections of stem of M. giganteus showed different 
pattern of degradation in different tissues after exposure to cellulase enzymes preparation 
mentioned in section 5.2.3.3. Sections exposed to buffer and antibiotics as a control without any 
enzyme did not show any degradation (Plates 5.1a-c-e and 5.2 a-c-e). Phloem is the most easily 
and readily degradable tissue which starts degrading after 5-6 hours in susceptible tissues (from 
early-harvested samples). But some portion of the phloem remain intact even after few days in 
recalcitrant tissues (from late-harvested stem sample e.g. January) (Plate 5.1 d). The next easily 
degradable cells after phloem tissue are parenchyma which takes relatively more time to degrade 
and not all parenchyma cells degrade simultaneously. Some parenchyma cells degrade quickly, 
and some take more time to break down. Parenchyma cells are followed by fibre cells which 
degrade slowly. Results indicated that this is mainly cell wall of parenchyma and fibre cells 
which is situated inward and a large portion of the secondary cell wall degrades quickly in 
parenchyma cells and slowly in fibres. Firstly, the degradation was investigated on a thick cross 
sections of stem (27 µm), then in order to observe degradation under high resolution, a thin cross 
sections of 2 µm were also cut after hydrolysing blocks of internodes for specified days, 
followed by embedding. This showed an apparent degradation of cell wall inside the parenchyma 
and fibre cells (Plates 5.2 and 5.3). 
 
5.3.2    In situ study of degradation of cell walls in prepared slides containing 
enzyme preparation 
The results show that Phloem tissue of stem of early-harvested material (July, Sep) degrades 
quickly when prepared slides containing 27 µm transverse section in cellulase enzyme 
preparation were studied microscopically after 3 days of incubation. Slides of late-harvested 
recalcitrant samples showed less degradation in November and no degradation in January (Plate 
5.4). There was more and quick degradation in parenchyma cells in July followed by Sep and 
Oct after 3 days of incubation. However, the late-harvested samples showed low degree of 
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degradation (Plate 5.5). Figure 5.2 shows the progression of enzymatic degradation in 
parenchyma and fibre cell walls at different monthly intervals and at different days of incubation.  
Counting of degraded parenchyma cells from the prepared slides after 3 days of incuabtion 
showed almost 30% degradation of parenchyma cells and 10 % degradation of fibre cells among 
4 different repeats (slides) in July (Figure 5.2). This percentage degradation gradually decreased 
and was lowest in January. 4% degradation of parenchyma cells and 1% of fibre cells was 
observed in January (Figure 5.2). 
 
After 7 days of incubation, there was more degradation of phloem tissue particularly in October 
and November with small degraded proportion of phloem in January (Plate 5.6). More 
Parenchyma and fibre cells were degraded after 7 days. Not only number of degraded cells 
increased but also there was more increase in the degraded layer of each cell (Plate 5.7), however 
pattern of degradation was same, in July, there was more degradation which gradually decreased 
up to January. The number of degraded parenchyma cells after 7 days of incubation increased. 
Percentage of degraded parenchyma and fibre cells were highest 34% and 14% respectively in 
July and lowest 8% and 3% respectively in January (Figure 5.2). 
 
After 15 days of incubation, there was more degradation in phloem tissues. Half of the phloem 
tissue was broken down in November, however large proportion of phloem was still intact in 
January (Plate 5.8). Parenchyma and fibre cells continued to degrade with the similar behavior of 
different monthly intervals as observed in 3
rd
 and 7
th
 day of incubation, with relatively increased 
degradation in November and January than before (Plate 5.9), as number of degraded 
parenchyma and fibre cell increased after 15
th
 day of incubation, being highest (45% PC and 
18% fibre cells in July and lowest in January (14% PC and 3% fibre cells) (Figure 5.2). After 25 
days of incubation, the results show a high degree of degradation in Phloem tissue particularly in 
October and November and only small proportion of phloem tissue remain intact in January 
(Plate 5.10). Plate 5.11 shows the highest degree of degradation in July and September which is 
followed by October. At this stage, there was more degradation of parenchyma and fibre cells in 
November and January. Figure 5.2 shows that approx. 64% parenchyma cells and 24% fibre cells 
were degraded in July, and this degradation gradually decreased in the following months, being 
lowest (19% PC and 4.5% fibre cells) in January. 
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After 25 days of incubation, these microscopic slides were removed from the incubator, stained 
with safranin and alcian blue. The result showed a complete removal of phloem tissues in July, 
September, October and November, however, in January, phloem tissue still have some intact 
portions (Plate 5.12). Fibre cells surrounding vascular bundles showed serrated and jagged 
surfaces from inside the cells. Parenchyma cells observed in July showed high degree of 
degradation and large proportion of broken layers of cell walls were fallen off when rinsed with 
water (Plate 5.13) and it showed only red colour which means all cellulosic content have been 
hydrolysed by enzyme. Slides of September to January showed some broken layers of cell wall 
of parenchyma and also showed jagged inner surfaces of fibre cells which reveal degradation of 
secondary cell wall of fibres. Some fibres also show broken layers of cell wall. 
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Figure 5.2: Degradation of Parenchyma and fibre cells from the stem sections of M. giganteus harvested at different months by the 
exposure of cellulase enzyme preparation and incubated for different days at 50
O
C. Errors bars are based on standard errors. 
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5.3.3 Investigation of cell wall degradation from thin sections of embedded 
samples after hydrolysis of stem of M. giganteus 
2 µm transverse and longitudinal sections of embedded samples after hydrolysis of internode 2 
of stem of M. giganteus showed a similar behaviour of degradation to thicker (27 µm) sections at 
different monthly intervals at different days of incubation. This study revealed the same pattern 
that first degrading tissue phloem is followed by parenchyma and then fibre cells but in addition 
to this, it was quite helpful to observe the degradation of scelerenchyma and parenchyma cells 
under the cortex at different days of incubation which was not visible in thicker sections and this 
study showed histochemically stained micrographs of broken cell wall layers more clearly than 
that of 27 µm sections. 
 
2 µm transverse section of the sample prepared from hydrolysed stem of M. giganteus after 3 
days of incubation showed more clearly broken layer of secondary cell wall in most parenchyma 
cells and in some fibre cells observed in July (Plate 5.14). Phloem tissues were degraded in all 
the first four months (July-Nov) except in January. There were few parenchyma cells showing 
degradation in September, October, November and January. Parenchyma cells in October also 
showed starch granules. 
 
Thin sections prepared after 7 days of incubation revealed more degradation of parenchyma cells 
and fibre cells.  All phloem tissues are fully damaged in July, September, October and 
November. In January, some portion of phloem tissue was intact (Plate 5.15). There was more 
degradation of cell wall of parenchyma and fibre cells in September, October and November 
than those observed after 3 days of incubation. There was some starch grains found in October. 
More degradation was observed after 15 days of incubation of the microscopic slides. In addition 
to phloem tissues of July-November, January phloem tissues also showed more degradation 
(Plate 5.16). More recalcitrant scelerenchyma and parenchyma cells also showed degradation 
which was not observed in those prepared after 3 and 7 days of incubation (Plate 5.18). There 
was more degradation observed in parenchyma fibre cells in all monthly intervals. More 
parenchyma and degraded layers were observed in January.   
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Microscopic slides of thin sections prepared after 25 days of incubation indicated further 
increase in degradation of cellulosic layer at all monthly intervals (Plate 5.17). It showed that 
broken layers which were apparent in slides of day 3, day 7 and day 15 have been fallen off from 
the parenchyma cell and fibre cells and there was further degradation in these tissues. More 
parenchyma cells showed degraded cellulosic layer in September, October, November and 
January. Phloem tissue in January was also fully broken down which was not fully degraded in 
thick (27 µm) sections. In addition to parenchyma, and sclerenchyma cells underlying the cortex, 
some cortex cells also showed degraded layers which were not seen in day 15 slides (Plate 5.18). 
 
5.3.4   Effect of month and days of incubation and their interaction on 
degradation of parenchyma and fibre cells. 
Analysis of variance on counted degraded parenchyma cells showed that degradation in 
parenchyma cells significantly differs in different months (P=0.00) and at different days of 
incubation (P=0.00) (Table 5.1). Post hoc least significant difference test revealed that 
degradation in parenchyma cells is remarkably different from one another observed in all five 
months (LSD = 2.06) (Table 5.2). LSD value also indicated that different days of incubation also 
show statistical distinct pattern of degradation in parenchyma cell wall (LSD = 2.06) (Table 5.3). 
There is a significant interaction between months and days of incubation as F calculated (18.89) 
is greater than F critical (P=0.00) (Table 5.1). The profiles of the degradation curves are similar 
for all months and show consistent decay with the highest rate after 15 days of incubation and 
during the months of July, September and October (Figure 5.3).   
 
Figure 5.3 shows an interactive effect of months and days of incubation on degradation of 
parenchyma and fibre cells. It shows that with the passage of days of incubation, all the months 
showed high degree of degradation. Two factor ANOVA for degraded fibre cells showed that 
different months have significant effect on the degradation of fibre cells (P=0.000). Degradation 
of fibre cells also differs at different days of incubation (P=0.000) (Table 5.4). LSD value 
showed that degradation in fIBERSs cells is significantly distinct from one another observed in 
all five months (LSD = 1.15) (Table 5.5). Degradation was also remarkably different observed at 
different days of incubation (LSD= 1.15) (Table 5.6). ANOVA also shows significant interaction 
between months and days of incubation (P=0.00) (Table 5.4). Figure 5.3 shows interaction 
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between days of incubation and months which means degradation increases with the increase in 
days of incubation in all five months in fibre cells.   
 
Table 5.1: ANOVA for effect of months and days and their interactive effect on degradation of parenchyma 
cells    
 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 10270.07 4 2567.51 790.88 0.00 2.52 
Between Days of 
Incubation 
8832.89 3 2944.3 906.95 0.00 2.75 
Months× Days of 
Incubation 
736.18 12 61.34 18.89 0.00 1.91 
Error 194.78 60 3.24    
Total 20033.94 79     
 
Table 5.2: Degradation of cell wall of parenchyma at different monthly intervals. The table refers to the 
significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
 Months 
July 43.13  a 
September 35.56  b 
October 28.15  c 
November 19.64  d 
January 11.05  e 
LSD 2.06 
 
 
Table 5.3: Degradation of cell wall of fibres at different days of incubation. The table refers to the significant 
difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
 Days of Incubation 
Day 3 16.75  a 
Day 7 20.88  b 
Day 15 28.10  c 
Day 25 44.29  d 
LSD 2.06 
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Table 5.4: ANOVA for effect of months and days and their interactive effect on degradation of fibre cells    
 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 2047.88 4 511.97 503.45 0.00 2.52 
Between Days of 
Incubation 
1321.87 3 440.62 433.29 0.00 2.75 
Months× Days of 
Incubation 
224.38 12 18.69 18.38 0.00 1.91 
Error 61.01 60 1.01    
Total 3655.16 79     
 
Table 5.5: Degradation of cell wall of fibres at different monthly intervals. The table refers to the significant 
difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
 Months 
July 17.01  a 
September 13.64  b 
October 10.86  c 
November  7.32  d 
January  2.39  e 
LSD 1.15 
 
Table 5.6: Degradation of cell wall of fibres at different days of incubation. The table refers to the significant 
difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
 Days of Incubation 
Day 3  5.90  a 
Day 7  7.81  b 
Day 16 10.61  c 
Day 25 16.66  d  
LSD 1.15 
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Figure 5.3: Interaction of months and days of incubation and their interactive effect on degradation of parenchyma and fibre cells. 
Scale on Y-axis indicates from 0% to 70% degradation of parenchyma cells on left side of figure and 0 to 25 % of fibre cells given 
on right side of figure. Note: X-axis does not show proportional intervals between different days of incubation (these are gaps in the 
series).  Different months show different pattern of degradation at different days of incubation. Marginal means of percent of 
degraded cells by months and days of incubation were estimated as the mean value averaged over all cells generated by the rest of 
the factors (Searle et al., 1980). 
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5.4     Discussion 
 
Degradation of cellulosic layer in different tissues and cells of M. giganteus at different monthly 
intervals has not been previously described in the literature. The results of the current study 
indicated that the cellulase enzyme preparation degraded cellulosic cell wall layer of different 
cells which was confirmed with the use of controls which did not show degradation without the 
cellulase enzyme. In Situ light microscopic approach was very useful to understand the 
mechanism of enzymatic degradation of cellulosic layer of different cells and tissues. The 
degraded cellulosic layers completely filled the lumen of parenchyma and some fibre cells. High 
degree of degradation observed in the early-harvested samples (July-Oct) confirmed the high 
cellulosic content and low lignin content in the biomass and the low degree of degradation in 
late-harvested samples (Nov-January) is an indication of high lignin content in different tissues 
which limits the breakdown of cellulose. Phloem tissues have been observed to be the most 
readily and easily broken tissues, followed by parenchyma and fibre cells, which means that the 
cellulose content is high in phloem, parenchyma and fibre cells. Sections of July to November 
samples showed fully degraded phloem tissues, however January phloem tissues showed some 
resistance against degradation, which means some portion of phloem tissues of January might be 
lignified. Overall, biomass fractions with higher phloem, parenchyma and fibre cells and with 
lower lignin were hydrolysed more readily and produced higher saccharification yield as well. 
Results show highest decay of cell wall when there is maximum saccharification yield and 
lowest lignin content in July and lowest degradation in January when saccharification efficiency 
is low and lignin content is high. 
 
Cellulase enzyme was reported to have high levels of xylanase activity and xylanase activity was 
reported to remove lignin (Cao et al., 2004). However, results obtained in this study were 
contrary to this in which images showed red colour indicating the presence of lignin after 
incubating at 50 
O
C with cellulase enzyme at specified days. These results corroborate the 
findings of Gierlinger et al. (2008) who also reported to have only degraded cellulosic G layer 
with intact lignified cell wall in poplar. They compared the degradation between normal wood 
and tension wood after exposure to cellulase enzymes and found no change in cell wall structure 
of normal wood but G layer was completely removed at 50
O
C. They also noticed the degradation 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Investigation of Enzymatic Degradation of Cell Wall Page 167 
 
at room temperature. But when compared to the room temperature, degradation rate was 
dramatically increased at 50
O
C. They found some remnants of the G layer after long treatment. 
 
The fast degradation of cellulosic layer might be due the gel like structures, highly porous 
surface and large accessible surface area of crystalline cellulose (Clair et al., 2008). Light 
micrographic images showed in the plates 5.1 to 5.18 represent removal of cellulosic layer after 
few hours, however, it is mentioned in literature that cellulosic layer was quickly removed 
immediately after the enzymatic treatment which could only be seen by high resolution of 
electron microscopy (White and Brown, 1981). It would be very interesting in future to 
understand the removal of cellulosic layer in different tissues and cells of early and late- 
harvested biomass under electron microscope as parenchyma and fibre cells showed degradation 
very late with light microscopic study.  
 
Due to this prolonged period of incubation after 7 days, some molecules of enzymes might be 
denatured at 50
O
C, therefore the enzyme activity might be relatively slower. However, cellulose 
was still hydrolysed after 15 days of incubation and even up to 25 days (as can been seen from 
results shown in Plates 5.10 to 5.12 and 5.16-5.18). It would be very interesting in future to 
investigate degradation at relatively lower temperature (45 
O
C) for longer period. 
 
Thin cross section (2 µm) of embedded samples after enzymatic hydrolysis of blocks of 
internodes in vials provided exposed degraded cell wall structures in the diameter of 
parenchyma, fibres, scelerenchyma cells and some cortex cells because enzyme is uniformaly 
distributed in internode blocks and therefore degradation has also been noticed due to high 
resolution in some scelerenchyma, and fibre cells underlying the cortex cells and even in some 
cortex cells which were more recalcitrant. 
 
5.5   Conclusions 
Results obtained have substantially added to our understanding of degradation of cell walls by 
the action of cellulase enzymes preparations. It showed high rate of degradation of cell walls of 
early-harvested samples with low lignin content and low degradation of late-harvested mature 
and highly lignified samples. These findings also support the results of the saccharification and 
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lignification experiments described in chapters 3 and 4 which show highest cell wall decay at the 
time of highest saccharification yield and lower lignin content and lowest cell wall degradation at 
the time of lower saccharification yield and higher lignin content. Thin cross section (2 µm) also 
showed degradation of sclerenchyma, fibre cells and some cortex cells due to uniform 
distribution of enzymes to cell wall structures of different tissues and cells in blocks of 
internodes. 
 
This research will serve as a base for future studies to screen optimum incubation temperature 
and enzyme concentration. It would also be very interesting to investigate removal of cellulosic 
layer under electron microscope at different monthly intervals. 
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Plate 5.1: Pieces of IN-2 in water (a, c and e) and universals of cellulase mix buffer (b, d and f)  
for 7 days at 50 
O
C and then 25 µm transverse sections were cut and stained with Safranin and 
Alcian Blue. The cells of the tissues exposed to water were intact (a, c and e) and those exposed 
to the enzyme mix shows degradation of tissues in phloem tissue and  secondary cell wall in the 
parenchyma cells. Scale bar shows 40 µm in (a and b) and 2 µm (c, d, e & f). Arrow shows 
degradation of tissues. 
a b 
c d 
e f 
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Plate 5.2: Pieces of IN-2 in water (a, c and e) and universals of cellulase mix buffer (b, d anf f)  
for 12 days at 50 
O
C and then 25 µm longitudinal sections were cut and stained with Safranin 
and Alcian Blue. The cells of the tissues exposed to water were intact (a, c and e) and those 
exposed to the enzyme mix shows degradation of tissues in parenchyma cells. Scale bar shows 40 
µm in (a and b) and 2 µm (c, d, e & f). Arrow shows degradation of tissues. 
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Plate 5.3: Pieces of IN-2 in universals of cellulase mix buffer (a, b, c and d) for 3 days at 50 
O
C 
and then were embedded in LR white and 2 µm transverse sections were cut and stained with 
Safranin. The cells of the tissues exposed to the enzyme mix shows degradation of tissues in 
parenchyma cells. Fibre cells showed jagged and serrated surfaces from the inside showing the 
degradation of secondary cell wall. Scale bar shows 40 µm in (a) and 2 µm (b, c and d). Arrow 
shows degradation of tissues. 
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Plate 5.4:  27 µm transverse sections exposed to cellulase enzyme preparations and incubated 
for 3 days at 50 
O
C and vascular bundles studied under light microscopy. Scale bar shows 40 
µm. Arrow shows degradation of tissues. 
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Plate 5.5: 27 µm transverse sections exposed to cellulase enzyme preparations and incubated for 
3 days at 50 
O
C and parenchyma cells studied under light microscopy. Scale bar shows 40 µm. 
Arrow shows degradation of tissues. 
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Plate 5.6:  27 µm transverse sections exposed to cellulase enzyme preparations and incubated 
for 7 days at 50 
O
C and vascular bundle studied under light microscopy. Scale bar shows 40 µm. 
Arrow shows degradation of tissues. 
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Plate 5.7:  27 µm transverse sections exposed to cellulase enzyme preparations and incubated 
for 7 days at 50 
O
C and parenchyma cells studied under light microscopy. Scale bar shows 40 
µm. Arrow shows degradation of tissues. 
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Plate 5.8: 27 µm transverse sections exposed to cellulase enzyme preparations and incubated for 
15 days at 50 
O
C and vascular bundles studied under light microscopy. Scale bar shows 40 µm. 
Arrow shows degradation of tissues. 
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Plate 5.9:  27 µm transverse sections exposed to cellulase enzyme preparations and incubated 
for 15 days at 50 
O
C and parenchyma cells studied under light microscopy. Scale bar shows 40 
µm. Arrow shows degradation of tissues. 
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Plate 5.10: 27 µm transverse sections exposed to cellulase enzyme preparations and incubated 
for 25 days at 50 
O
C and vascular bundles studied under light microscopy. Scale bar shows 40 
µm. Arrow shows degradation of tissues. 
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Plate 5.11: 27 µm transverse sections exposed to cellulase enzyme preparations and incubated 
for 25 days at 50 
O
C and parenchyma cells studied under light microscopy. Scale bar shows 40 
µm. Arrow shows degradation of tissues. 
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Plate 5.12: 27 µm transverse sections exposed to cellulase enzyme preparations and incubated 
for 25 days at 50 
O
C and then stained with safranin and counterstained with Alcian blue and 
vascular bundles studied under light microscopy. Scale bar shows 40 µm. Arrow shows 
degradation of tissues. 
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Plate 5.13: 27 µm transverse sections exposed to cellulase enzyme preparations and incubated 
for 25 days at 50 
O
C and then stained with safranin and counterstained with Alcian blue and 
parenchyma cells studied under light microscopy. Scale bar shows 40 µm. Arrow shows 
degradation of tissues. 
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Plate 5.14: Pieces of IN 2 of stem of M. giganteus exposed to cellulase enzyme preparations, 
incubated for 3 days at 50 
O
C, removed from incubator and thin slices of piece embedded in LR 
white resin, and then 2 µm TS were cut and stained with safranin and studied under light 
microscopy. Scale bar shows 150 µm. Arrow shows degradation of tissues. 
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Plate 5.15: Pieces of IN 2 of stem of M. giganteus exposed to cellulase enzyme preparations, 
incubated for 7 days at 50 
O
C, removed from incubator and thin slices of piece embedded in LR 
white resin, and then 2 µm TS were cut and stained with safranin and studied under light 
microscopy. Scale bar shows 150 µm. Arrow shows degradation of tissues. 
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Plate 5.16: Pieces of IN 2 of stem of M. giganteus exposed to cellulase enzyme preparations,  
incubated for 15 days at 50 
O
C, removed from incubator and thin slices of piece embedded in LR 
white resin, and then 2 µm TS were cut and stained with safranin and studied under light 
microscopy. Scale bar shows 150 µm. Arrow shows degradation of tissues. 
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Plate 5.17: Pieces of IN 2 of stem of M. giganteus exposed to cellulase enzyme preparations,  
incubated for 25 days at 50 
O
C, removed from incubator and thin slices of piece embedded in LR 
white resin, and then 2 µm TS were cut and stained with safranin and studied under light 
microscopy. Scale bar shows 150 µm. Arrow shows degradation of tissues. 
  
July Sep 
Oct Nov 
January 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Investigation of Enzymatic Degradation of Cell Wall Page 186 
 
 
 
 
Plate 5.18: 2 µm TS of thin slices of degraded tisse of July stained with safranin and studied 
under light microscopy. Scale bar shows 100 µm. Arrow shows degradation  of tissue.  
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CHAPTER 6 
Effects of different plantation sites, developmental stages of 
the plant, and different regions of the stem on starch 
production by M. giganteus 
 
 
6.1 Introduction 
This chapter deals with the investigation of starch content and its contribution to biofuel yield. 
Starch, a major storage carbohydrate, deposits in the intracellular spaces of parenchyma cells in 
the stem, rhizome and the root (Sauter and Van Cleve, 1994). The starch accumulation behaviour 
is related to several factors like plant growth, season and location. 
 
As stated in Chapter 2, carbohydrates in the form of starch are stored in roots, rhizomes and 
tubers of perennial plants before autumn for the plant survival during winter and its regrowth in 
spring (Cyr et al., 1990; Dickmann and Pregitzer, 1992; Dickson, 1991; Kozlowski, 1992; 
Kramer and Kozlowski, 1979; McAllister and Haderlie, 1985; Tromp, 1983).  The yield of starch 
content is directly related to age of plant. Younger plant has decreased levels of starch as 
compared to mature plant which exhibits increased levels of starch (Baafi and Safo-Kantanka, 
2007; Fircks and Sennerby-Forsse, 1998; Giichi, 1954; Norul Hisham et al., 2006; Seki and 
Aoyama, 1995; Wormer and Ebagole, 1965).  
 
With respect to the season, the levels of starch in plant tissues are changed. The starch content 
increases from mid- august to mid-November and decreases until Mid February (Dickson, 1991 ; 
Essiamah and Eschrich, 1985; Harmse and Sauter, 1992b; Johansson, 1993; Jorg and 
Wellenkamp, 1998; Kozlowski, 1992; Madsen, 1997; Nelson and Dickson, 1981; Nguyen et al., 
1990; Sauter and Cleve, 1994; Sauter and Van Cleve, 1991 ; Seki and Aoyama, 1995; Sennerby-
Forsse and Von Fircks, 1987; Shibata and Nishida, 1993; Terzieva et al., 1997).  
 
The starch yield of plant is highly changed among geographical locations as starch yield of 
Cassava and Sorghum is highly variable with respect to different sites (Baafi and Safo-Kantanka 
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2007). The level of starch is also highly variable in different internodes of stem and this behavior 
is similar to starch content with respect to age (Ferreira, 2007; Kaichi and Hiroshi, 1955; Koussa 
et al., 2005; Madsen, 1997; Wormer and Ebagole, 1965).  
 
High lignin content, hemicelluloses and crystalline structure of cellulose of  M. giganteus make it 
difficult to get high glucose yield for ethanol production (Murnen et al., 2007), as it releases very 
low quantity of glucose after enzymatic saccharification. Therefore, it is highly desirable to 
explore the starch content of stem of M. giganteus which can additionally augment the 
concentration of glucose for bioethanol production. So far, no work has been done on the starch 
yield of M. giganteus and the factors affecting the starch content.  
 
The objectives of this part of the research are:- 
1. To investigate the effect of season and harvesting time on the starch yield. 
2. To study the influence of age (developmental stages) of the crop on the content of starch. 
3. To explore the effect of different locations on starch yield. 
4. To establish the extent of variation of starch content with different height in the stem. 
 
6.2   Material and Methods  
 
6.2.1 Collection of plant material 
 
6.2.1.1 Plant material used at different monthly interval in 2008 
Stem samples of M. giganteus were collected from a plantation site established in 1993 at 
Rothamsted Research Station, at one month interval starting from May 2008 to January 2009. It 
was propagated at Rothamsted in 1993 from Hagemann, Berlin, Germany (Clifton-Brown et al., 
2001a). 
 
 For the purpose of sample collection, plants were cut 5cm above the ground level and whole 
stem lengths were returned to the laboratory at Imperial College London. Internode 3 was 
selected for this purpose. 
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6.2.1.2  Plant material used  from different locations in 2009 
Field plants were harvested from following four different locations with five different replicates. 
1) CS 408 at Rothamsted 
2) CS 546 at Rothamsted 
3) IBERSS at Aberystwyth  
4) Imperial College at Silwood Park, Berkshire 
 
 Plant material from CS 408 was also used to determine starch concentrations from different 
heights in the stem of M. giganteus to evaluate any heterogeneity in its distribution within the 
stem. Internodes 2, 3, 6, 7, 10 and 11 were selected for this purpose. A composite sample of all 
the internodes from 1 to 12 representing the whole stem was also analysed (WH ST) in the 
Figures 2 & 3. Internodes 2 and 3 represent the bottom of stem, 6 & 7 represent the middle of 
stem and Internodes 10 & 11 show the top of stem.   
 
At CS 408, different age classes of the rhizome of M. giganteus were also sampled in 
collaboration with Dr. Goetz Richter (Rothamsted Research), and were named as green, yellow, 
blue and white. Class green is the youngest, followed by yellow, blue and then with white being the 
oldest. 
 
6.2.2 Sectioning and staining 
Transverse and longitudinal sections of non-embedded material were cut at 35 μm thickness and 
27 μm for starch and developmental study respectively, with a Reichert sliding microtome fitted 
with a disposable low profile blade and were stained in Lugol‘s solution (IKI 1:2:100, Chroma-
Gesellschaft D-48161) for 2-3 minutes, and then mounted temporarily in glycerol to confirm the 
presence of starch. Prepared slides were examined using Light Microscopy (LM). A Zeiss 
Axioskop 2 with axiocam and axiovision software v 3.1. Image J (1.41) NIH Image program 
(developed at the US National Institute of Health and available on the internet at 
http://rsb.info.nih.gov/ij) was used for counting the parenchyma cells filled with starch grains.  
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6.2.3  Qualitative determination of starch in the stem of M. giganteus 
Transverse and longitudinal sections (35 µm) were obtained from the different locations of culm 
(representing the entire cross-section covering the whole area but excluding some portions from 
the centre of the culm) and comparison of two months (September and October) was studied 
with Lugol‘s solution. As the stem of M. giganteus comprises 30% of parenchyma cells 
(Ververis et al., 2004) and basic density of stem measured in September was 0.29 g/cm
3
, hence 
density of 30% parenchyma cells calculated was 0.087 g/cm
3
.  It was observed through image 
analysis that 25% of total parenchyma cells were filled with starch grains, therefore, density of 
25% portion of parenchyma cells (filled with starch) determined was 0.0217 g/cm
3 
from 0.087 
g/cm
3
.  
 
In order to determine the % by mass of starch grain in parenchyma cells, some images of 
parenchyma cells [a few images shown in Plate 6.3] with starch grains were printed off and 
weighed on fine balance. Then the starch grains from the printed images were cut out with blade 
and weighed again. The average of seven different repeats was taken and % by mass of starch 
grain in September images in a single parenchyma cell obtained was 5%. The density of 5% of 
starch grain is equal to 5% of density of starch containing
 
parenchyma cell (0.0217 g/cm
3
), which 
becomes 0.001 g/cm
3
. The percent (%) starch was calculated by dividing the density of starch 
grain (0.001 g/cm
3
) by density of total plant stem (0.29 g/cm
3
) and multiplying it with 100. 
Following this, the percentage of starch in October was also estimated (Density of plant stem in 
October was 0.33 g/cm
3
). The proportion of total parenchyma cell and those with starch grain 
was measured with Image J software 1.42q.  
 
6.2.4 Quantitative determination of starch in the stem and rhizome of  
 M. giganteus 
Samples were first prepared following the NREL standard LAP protocol ―preparation of samples 
for compositional analysis‖. Particle size of the sample after passing through 20 mesh sieve (-
20/+80 mesh) selected for starch analysis was 0.85 mm. Starch was determined following the 
NREL standard LAP protocol ―Determination of Starch in Solid Biomass Samples by HPLC   
(Sluiter and Sluiter, 2008). 100 mg sample was placed in a plastic centrifuge tube. To this, 200 μl 
EtOH was added, vortexed, and 2 ml of dimethyl sulfoxide (DMSO) was added, and vortexed 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Factors Affecting Starch Production in M. giganteus Page 191 
 
again. The tube was placed in a briskly boiling water for 5 minutes. After this 2.9 ml MOPS 
buffer, and 100 μl α-amylase enzyme were added, vortexed, and then incubated for 6 minutes. 
Then 4 ml of sodium acetate buffer, and 100 μl amyloglucosidase enzyme were added, and 
incubated for 30 minutes in 50 
0
C water bath. The tubes were centrifuged at 3000 rpm for 10 
minutes three times, and the supernatant was pippetted into 1.5 ml centrifuge tube and assessed 
for glucose on HPLC using a Biorad Aminex HPX-87H column. 
 
6.2.5 Statistical analyses 
Statistical analyses were performed on each data set with the help of IBM SPSS 19. Means and 
standard errors were calculated. Means are presented in tables 6.2, 6.4, 6.6, 6.8 and 6.10 and 
standard errors are presented as bar charts in Figures 6.1-6.5. Analysis of variance (ANOVA) 
was performed on each set of data which tells the occurrence of significant difference of 
treatments (Harvesting time, age, locations, height of stem), but does not show which treatments 
are statistically significant from each other. To calculate significant difference among different 
treatments, a post hoc least significant difference (LSD) test was performed.  
 
 
6.3   Results  
 
6.3.1 Effect of season and harvesting time on starch yield of M. giganteus 
Starch determined at different harvesting times in the year 2008 showed that the starch 
concentration fluctuated throughout the season. In August and September, the starch 
concentration was low, but increased in October (2.66%), and again gradually decreased in the 
following months. F value (6.84) calculated from ANOVA is greater than Fcritical (P=0.0001), 
indicating that different harvesting time and/or season has significant effect on the yield of starch 
in the stem of M. giganteus (Table 6.1). The post hoc least significant test (LSD) showed that 
starch concentration measured in October was significantly different from the values calculated 
in the other months (LSD=0.83) (Figure 6.1). All other months are statistically similar. Error 
bars show small variation except in the months of October and December (Figure 6.1). These 
results are in line with the qualitative detection of starch with Lugol‘s solution in which very low 
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starch content was found in May and July and then no starch in August. It slightly increased in 
September, and was maximum in October and then again started declining until February [Plates 
6.1-6.2].  
 
Table 6.1: ANOVA statistical analysis for starch % (ODW) determined at different harvesting time in 2008 
Source of variation SS df MS F P-Value F crit 
Between Groups 17.55 5 3.51 6.84 0.00014 2.477 
Within Groups 18.46 36 0.51    
Total 36.01 41     
 
 
 
Figure 6.1: Starch (% ODW) at different harvesting times in year 2008 in M. giganteus. Errors 
bars are based on standard errors. 
 
6.3.2 Effect of different locations on the concentration of starch  
Starch concentrations observed in the material harvested in September 2009 from CS 546 
(Rothamsted) and CS 408 (Rothamsted) were similar but lower than the Silwood material 
(Figure 6.2). There was no statistical difference observed in starch concentrations among 
different locations in September, as F value (2.03) from ANOVA is smaller than Fcritical (P = 
0.173) (Table 6.2). Error bars show small variations among the five repeats (Figure 6.2). 
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Table 6.2: ANOVA analysis for starch % (ODW) determined from different locations in September, 2009  
Source of variation SS df MS F P-Value F crit 
Between Groups 0.002265 2 0.001133 2.03 0.1737 3.885 
Within Groups 0.00669 12 0.000557    
Total 0.008955 14     
 
In material sampled in October 2009, maximum starch (3%) was observed in CS 408, and less 
than half of this (1.31%) and (0.84%) were seen in CS 546 and Silwood respectively (Figure 
6.2). To compare the concentrations of starch among different locations in October, ANOVA F 
test was performed. F value calculated (12.47) is considerably larger than Fcritical (P= 0.0001), 
indicating that different locations have remarkably significant effect on starch yield determined 
in October (Table 6.3). Means were separated by LSD = 0.97, which shows that starch 
concentrations observed in CS 408 (Rothamsted) is significantly different from those estimated 
in all other locations. Concentrations of all other sites were statistically similar with each other 
(Figure 6.2). Error bars show a large variation among five repeats in CS 408 and small variation 
among the repeats of the other sites (Figure 6.2). The present results suggest that starch 
concentration observed in M. giganteus varies among the different locations.  
 
 
Figure 6.2: Starch (% ODW) in different genotypes of M. giganteus harvested from different 
climatic sites in Sep, 09 & Oct, 09. Errors bars are based on standard errors. 
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Table 6.3:ANOVA statistical analysis for starch % (ODW) determined from different locations in October,  
                 2009 
Source of variation SS df MS F P-Value F crit 
Between Groups 16.648 3 5.5495 12.478 0.000185 3.2388 
Within Groups 7.1157 16 0.4447    
Total 23.76 19     
 
 
6.3.3 Effect of different heights in the stem on concentrations of starch 
Higher concentration (0.71%) of starch in September was observed in internodes 2 and 3 which 
declined in internodes 6 and 7 (0.38%) and increased in internode 10 (0.64%), and then 
decreased again (Figure 6.3). The F value from ANOVA was not significant (P = 0.534) which 
shows that starch concentrations does not change significantly at different heights of the stem 
observed in September (Table 6.4). Error bars represent small variation among five repeats 
except in internode 2 and Internode 10 which strengthens the reliability of data. The starch 
concentration of the whole stem (0.38%) was similar with that of internode 7 (Figure 6.3). The 
same was performed on different internodes of a stem harvested in October but the concentration 
of starch increased in October as compared to those harvested in September. F value (4.29) 
calculated from ANOVA was considerably greater than Fcritical (P= 0.006), representing that 
starch concentration observed at different heights within the stem of plant in October is 
significantly different from each other (Table 6.5). LSD results showed that starch concentrations 
observed in internode 2 and 3 are statistically similar with each other but were different from 
internode 6 (Figure 6.4). Concentrations of internode 2 were also statistically similar with 
internodes 7, 10 and 11. Concentrations of internode 3 were significantly different from those 
observed in internodes 6, 7, 10 and 11. Error bars indicate a large variation of starch 
concentrations among five repeats of internodes 2, 3, 7 and the whole stem (Figure 6.4). 
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Table 6.4: ANOVA statistical analysis for starch % (ODW) determined at different heights within stem of 
plant in September, 2009 
Source of variation SS df MS F P-Value F crit 
Between Groups 0.5392 5 0.1076 0.8400 0.5345 2.62 
Within Groups 3.0816 24 0.1284    
Total 3.6209 29     
 
 
Figure 6.3: Starch (% ODW) in different internodes of stem of M. giganteus harvested from CS-
408 (RRes) in September, 2009. Errors bars are based on standard errors. WH ST shows whole 
stem. 
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Table 6.5: ANOVA statistical analysis for starch % (ODW) determined at different heights within stem of 
plant in October, 2009 
Source of variation SS df MS F P-Value F crit 
Between Groups 13.0822 5 2.61644 4.2954 0.006 2.62 
Within Groups 14.6188 24 0.60911    
Total 27.7010 29     
 
 
Figure 6.4: Starch (% ODW) in different internodes of stem of M. giganteus harvested from CS-
408 (RRes) in October, 2009. Errors bars are based on standard errors. WH ST shows composite 
of all internodes means whole stem. 
 
6.3.4 Comparison of qualitative and quantitative determination of starch  
Quantitative results of CS 408 were compared with the starch concentrations determined with 
qualitative lugol‘s reaction and image analysis given in section 6.2.3. It can be seen in the images 
of sections of Internode 2 that there is less starch in September than in October (Plate 6.3). This 
image analysis qualitative test showed a minor difference from the results of quantitative tests 
[Table 6.6]. 
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Table 6.6: Comparison of qualitative and quantitative results in Internode 2 in year 2009 
 
Months % Starch (Qualitative) % Starch (Quantitative) 
September, 2009 0.37 0.65 
October, 2009 3.38 2.32 
 
6.3.5 Effect of developmental stages of crop on starch yield 
Four temporal developmental stages of M. giganteus from the same position in the stem were 
observed. 
1. Cell wall expansion stage 
2. Cell wall thickening stage 
3. Maturation stage 
4. Senescence stage 
Cell wall expansion was observed in the 3
rd
 month harvesting time (in July) after the shoot 
emergence including the tissue division and considerable shoot elongation.  At this stage basic 
density (0.16 g/cm
3
 Approx) was less (Figure 6.5). Differentiation of parenchyma and fibre cells 
was almost complete and cells were almost fully expanded (Plate 6.4). Average thickness of 
combined cell walls of parenchyma, and fibre cells was 0.22 μm, and 0.5 μm respectively, and 
average diameter of parenchyma cell was 18 μm.  At this stage very tiny granules of starch were 
observed in the parenchyma cells [Plates 6.1-6.2]. Before the start of cell wall expansion was the 
stage of cell division and elongation (April-May) in which very lowest concentration of starch 
was found shown in plate 6.2. 
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Figures 6.5: Basic Density and starch (%) in year 2008.  Errors bars are based on standard 
errors. 
 
Cell wall thickening was observed at the start of the 6
th
 month harvesting time (in the beginning 
of October) after the shoot emergence. At this stage, basic density (0.33 g/cm
3
 Approx) was 
relatively higher (Figure 6.5) and there was an increase in parenchyma and fibre cell wall 
thickness (Plate 6.4). Average thickness of combined cell walls of parenchyma, and fibre cells 
was 0.44 μm, and 0.71 μm respectively, and the average diameter of parenchyma cell was 24 
μm. Increase in cell wall thickness indicates the deposition of secondary cell wall. At this stage, 
higher concentration of starch was observed (Figure 6.5) [Plates 6.1-6.2]. 
 
Maturation was observed at the end of 7
th
 month harvesting time after the shoot emergence (the 
end of October and start of Nov). At this stage, basic density (0.35 g/cm
3
 Approx) was relatively 
more. At this stage, parenchyma and fibre cells acquired full maturity. Fibres close to the 
vascular bundle were thickened conspicuously. parenchyma cells stained darker as compared to 
the early stage (Plate 6.4). Average thickness of combined cell walls of parenchyma, and fibre 
cells was 0.66 μm, and 0.92 μm respectively, and average diameter of parenchyma cell was 29 
μm. During this stage, highest concentration of starch was observed (Figure 6.5) [Plates 6.1-6.2]. 
Senescence was observed in the 8
th
 month harvesting time (December) after the shoot 
emergence, and this stage remains until the end of the crop season. During this stage, leaves fall 
down and nutrients are re-translocated into the rhizomes. There was no more change in the 
thickness of parenchyma and fibre cell walls (Plate 6.4). Average thickness of combined cell 
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walls of parenchyma, and fibre cells was 0.66 μm, and 0.92 μm respectively, and average 
diameter of parenchyma cell was 29 μm. From this stage, starch content in the parenchyma cells 
starts decreasing and remain decreased until February suggesting that has been transloacted to 
the rhizome (Figure 6.5) [Plates 6.1-6.2]. 
 
6.3.6 Determination of starch in rhizomes of M. giganteus 
Starch determined from the different age classes showed the higher concentration of starch in 
class green (1.93%) which gradually decreased in class yellow, blue, and white representing 
1.22%, 0.85% and 0.72% respectively which concludes that different aged groups of rhizomes 
have different concentration of starch, with the highest starch concentrations in the young age 
class and lowest starch yield in old ones (Figure 6.6).  
 
 
Figure 6.6: Starch (% ODW) in different age classes of rhizome of M. giganteus. Green is the 
youngest age class , followed by yellow and blue and white is oldest class. 
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6.4  Discussion 
 
6.4.1 Correlation of season and growth developmental stages and their effects 
on starch yield of M. giganteus 
This study sets out with the aim of assessing the importance of different harvesting time and 
season on starch yield in M. giganteus. The results indicate that different harvesting time has 
remarkable effects on the concentration of starch. The concentration of starch was found to be 
low in August and September, increased in October, but gradually decreased in the following 
months upto February. These finding are consistent with the qualitative detection of starch with 
Lugol‘s solution. The decreased starch content at the start of shoot emergence of M. giganteus 
could be due to the fact that there was little opportunity for starch synthesis in plant because of 
high demand of growing tissues for photosynthesis, but afterwards the starch starts accumulating 
in parenchyma cells and is maximum at maturity during October. This is consistent with the 
findings of Kaichi and Hiroshi (1955) who found that decrease of starch content in rice at the 
beginning of shoot emeregence is due to its vigorous translocation to panicle and after this stage, 
starch content starts to increase until ripening stage. Giichi (1954) also found the similar results 
in rice. Lewandowski et al. (2000) reported starch content of M. giganteus samples harvested at 
two different months i.e. 0.70% and 0.14 % in Nov and Jan respectively.  
 
Harmse and Sauter (1992) described that starch is accumulated from summer until fall. Our 
observations also corroborate the findings of Ashworth et al. (1993) that the starch concentration 
increases during late September and early October, and then declines rapidly during cold 
acclimation. Koussa et al. (2005) reported that the level of starch increased from mid-August to 
mid November in Vitis vinifera, and these fluctuations are controlled by the enzyme α-amylase 
which activity was lower in the period when starch was high. Sauter and Wellenkamp (1998) 
also observed a similar trend of seasonal starch fluctuation in willow. Similar results are also 
reported in poplar and pine (Elle and Sauter, 200; Nguyen et al., 1990; Terzieva et al., 1997). 
Baafi and Safo-Kantanka (2007) concluded that starch yield of cassava is age dependant. They 
have observed highest starch yield from 12-13 months of growth and thereafter declined steadily 
Developmental Characteristics of Miscanthus spp. that influence saccharification and biofuel potential 
 
Factors Affecting Starch Production in M. giganteus Page 201 
 
to 15 months. Fircks and Sennerby-Forsse (1998) also studied seasonal fluctuation of starch both 
at the cellular level (qualitative) and quantitatively and found similar results. 
 
This seasonal fluctuation of starch in M. giganteus culm is directly co-related with the 
developmental growth stages of crop. In young plant, there was almost no starch, and then after 
shoot elongation, starch content starts increasing, and was maximum at maturity. At the time of 
cell division, shoot elongation and cell wall expansion, starch was low due to the high demand of 
growing tissues for photosynthesis which leaves little opportunity for starch synthesis in plant 
but starch started accumulating in parenchyma cells during cell wall thickening stage of the crop, 
and  was maximum at the time of maturity. Ultimately after this stage, starch starts declining in 
the culm and remained very low during the long winter, with the possible reason of being re-
translocated to rhizome for subsidizing the next fast spring growth in addition to photosynthesis 
(Klimes et al., 1999).  
 
Basic density of plant is also increased from young to mature crop due to starch deposition and 
lignification. Wahab et al. (2009) found that starch in the four year old culm was more than in 
the 2 year old culm. They reported that basic density of the four year old culm was consistently 
higher than 2 year old culms and argued that there is a maturation process occurring from the 
two year to four year old culms and mean thickness of fibre and parenchyma cells increased from 
2 year old to four year old culms. They described that this is due to the starch deposition and 
lignification processes which increases with age of bamboo. Similar observations were found by 
Liese and Weiner (1997). This fact was also supported by Razak et al. (2007) and Alvin and 
Murphy (1988). Norul Hisham et al. (2006) reported that 1 year old bamboo culm did not contain 
any starch, since all the nutrients must be used immediately for metabolic processes. Giichi 
(1954) also found the similar results on the same lines in rice. These findings are also in 
agreement with Seki and Aoyama (1995) who showed that starch content was lower in young 
culms of bamboo grass in summer and higher in mature plants. It is encouraging to compare this 
seasonal starch fluctuation pattern with that found by Fircks and Sennerby-Forsse (1998) in 
willow who reported that starch decreases during the period of shoot extension growth and after 
wards is maximum during maturity. They also studied qualitative determination of starch at 
cellular level with LM and then confirmed it with chemical analysis. 
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6.4.2 Effect of different locations on starch yield of M. giganteus 
The current study shows that there was no significant effect of locations on starch yield observed 
in September, however, ANOVA results in October showed that different locations have 
significant effects on starch yield of M. giganteus. The findings of the current study do not 
support the research work conducted by Buresova et al. (2010) who did not get significant results 
of starch yield among different location, but they are broadly consistent with earlier research 
findings. Baafi and Safo-Kantanka (2007) reported that starch yield of cassava is location 
dependant. They observed that starch yield increased in one location from 12 months of growth 
and then declined to 15 months and thereafter declined steadily after 15 months, whereas in 
another location, starch concentration decreased from 13 months. These observations of the 
current study are also consistent with those of Klimes et al. (1999) who found that starch and 
sugar concentrations differed significantly between locations.  
 
6.4.3 Effect of different heights within the stem on starch yield 
Starch concentrations measured in September did not show remarkable difference among the 
different internodes observed, but starch concentration observed at different heights within the 
stem of plant in October is significantly different from each other. This is due to the fact that 
lower internodes at the bottom are fully mature and have maximum starch content whereas upper 
internodes are young and developing and have lower amounts of starch. Therefore, Internodes 2 
and 3 have highest amount of starch as compared to internode 6, 7, 10 and 11. Starch breakdown 
in plants is monitored by the activity of α-amylase enzyme which is responsible for most of the 
breakdown of linear glucans (Scheidig et al., 2002). Activity of this enzyme is higher in younger 
internodes and lower in mature ones. These results corroborates the idea of Ferreira (2007) who 
described that starch content in sugarcane varieties increased from young to mature internodes. 
He found highest level of activity of β-amylase in the youngest internode and the lowest level in 
mature tissues. Koussa et al. (2005) also found the highest level of activites of amylase enzyme 
in the youngest internodes and lower in mature tissues. This also accords with the observations 
of Wormer and Ebagole (1965) who reported that starch concentration is not uniformlly 
distributed throughout the plant. These findings further support the idea of Kaichi and Hiroshi 
(1955) who described the fact that lower starch content in the younger internodes of rice may be 
due to weaker carbon assimilation and earlier translocation of carbohydrates to the panicle. 
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Wahab et al. (2009) reported that fluctuation in basic density and starch deposition in different 
internodes is due to the maturation process in bamboo from young (Upper) to mature (Lower) 
internodes. These results are consistent with those of Madsen (1997) who observed more amount 
of starch in lower stem of Myriophyllum spicatum L. and less in younger internodes. 
 
6.4.4 Effect of age on the starch concentrations of rhizome of M. giganteus 
This experiment showed higher concentrations of starch in young age class (Bowyer et al. 2003) 
of rhizome of M. giganteus and lowest starch yield in old class (White and Brown), presenting 
that starch concentrations decreases with the age of the rhizome. These results contradicts with 
the research findings of Klimes et al. (1999) who found that starch and glucose concentrations in 
the rhizome of Phragmites australis increased with the rhizome age. Further research on this 
aspect needs to be undertaken to investigate the effect of age on starch content of rhizome. 
 
6.5    Conclusions 
The production of starch in M. giganteus is age and location dependant. Starch yield in the  stem 
increased with age and is maximum in the mature crop, However, starch content of rhizome is 
higher in the young aged class than that of old ones (mature). Different locations have significant 
effect on the concentrations of starch. Starch yield fluctuated remarkably over the seasonal cycle 
and was maximum in October when the crop was mature. Results obtained have also shown that 
the starch concentration was not uniformly distributed throughout the plant and was maximum in 
mature internodes (internodes 2 and 3 from the bottom) and minimum in younger internodes 
(upper internodes). The influence of these factors on starch yield revealed a significant positive 
correlation between the effect of harvest time (seasonal cycle) and developmental growth stages 
on starch yield of M. giganteus. The results also show that the optimum harvest time of M. 
giganteus is October when the crop was mature. Secondly, at this harvest time, the stem of M. 
giganteus exhibits 3 % starch (ODW) which is an addition to the total glucose (10 % ODW).  
 
Future investigations should aim to determine starch concentrations from the rhizome and 
respective stem simultaneously over the season from the beginning to the end of harvest of M. 
giganteus to model the movement of starch between stem and rhizome throughout the season. 
Future studies should also explore the potential of different genotypes of M. giganteus for starch 
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and glucose production in October in order to screen the best genotypes of M. giganteus for high 
ethanol yield. 
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Plate 6.1: Lugol’s reaction for detection of starch granules from CS 408 in 2008. 35 µm TS were 
Stained  with Lugol’s solution. Scale Bar shows 180 µm. 
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Plate 6.2: Lugol’s reaction for detection of starch granules from CS 408 in 2008. 35 µm TS were 
Stained  with Lugol’s solution. Scale Bar shows 50 µm. 
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Plate 6.3: Lugol’s reaction for detection of starch granule from the site CS 408 in 2008.  35 μm 
TS and 27 μm LS were stained with Lugol’s solution.  Scale Bar shows 150 μm in (a & b) and 35 
μm in (c, d, e & f). 
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This plate shows the 
temporal developmental 
stages of M. giganteus 
internode. a & b shows 
cell wall expansion stage 
observed in July after the 
shoot emergence in 
which differentiation of 
fibres and parenchyma 
cells was almost 
complete & cells were 
fully elongated.c & d 
shows cell wall 
thickening stage 
observed at the start of 
october in which there 
was an increase in the 
thickness of parenchyma 
and fibre cells. e & f 
shows maturation stage 
is from the end of 
october to start of Nov in 
which Parecnhcyma and 
fibre cells acquired full 
maturity. g & h shows 
senescence stage 
observed in December 
and it remains until the 
end of crop season. 
During this, leaves fall 
down and nutrients are 
re-translocated into the 
rhizome. There was no 
more change in the 
thickness of fibre and 
parenchyma cells. 
  
  
  
Plate 6.4: (a, & b) cell wall expansion stage (c & d) Cell wall thickening stage (e &f) 
Maturation stage (g & h) Senescence stage. 27 μm TS stained with Phloroglucinol from CS 408. 
Scale Bar shows 38 μm. 
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CHAPTER 7 
General Discussion 
 
The research presented in this thesis was designed to explore the developmental stages, 
lignification, enzymatic saccharification and production of starch in M. giganteus in order to 
determine its potential for conversion to bioethanol. Identification of anatomical developmental 
stages was essential to developing and overall understanding of the biofuel potential of this 
biomass feedstock.  
 
The anatomical developmental stages of M. giganteus were defined at different harvesting times 
and within different regions of the stem. Temporal differences in the development of tissues 
were observed in the months of July, October, November and December with the gradual 
increase of thickness of combined cell walls of both parenchyma and fibre cells. These 
observations are similar to those of Gritsch et al. (2004) in Bamboo. The temporal sequence 
could be defined into four developmental stages i.e. cell wall expansion, cell wall thickening, 
maturation and senescence stages. An enormous amount of research work has been reported on 
anatomical developmental phases in different closely related crops (Crow, 2000; Gritsch and 
Murphy, 2005; He et al., 2000; Hui et al., 2009). Increase in the thickness of cell wall indicates 
the deposition of secondary cell wall during the thickening stage which is followed by 
maturation stage during which only a small amount of cell wall thickening occurs and in which 
plant attains the highest degree of lignification. An attempt to identify spatial development of the 
crop showed that M. giganteus shoot develops acropetally at all harvesting months. This is in 
line with the findings of previous research (Gritsch, 2003; Hsiung et al., 1982; Hui et al., 2009). 
Biomass yield and basic density of M. giganteus was found to increase from June and was 
highest in October when the plant stem tissues were approaching full maturity. Most research 
concerning maximum biomass yield and basic density has tended  to focus only on the mature 
stage  of the crop (Mohmod et al., 1993; Pahkala et al., 2007). 
 
From the discussion in Chapter 3, it is clear that the lignin content of the plant increased with 
temporal development of tissues and is maximum at maturity. Development of lignin in the stem 
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internodes of M. giganteus proceeds acropetally. This is in accordance with earlier observations 
on different closely related species to M. giganteus by many researchers (Besle et al., 1994; 
Jung, 1989; Chen et al., 2002). 
 
Among the various histochemical staining reactions used to investigate growth phases and 
lignification, Safranin and Alcian blue were the best and provided better contrast of images than 
the others. Safranin is a general histochemical stain and is specific for lignified tissues but it does 
not distinguish between guaiacyl, syringyl or hydroxyy guaiacyl phenyl propanoid units of the 
polymer [See Figure 2.1]. Alcian blue is specific for polysaccharides in regions where there is 
less lignin in tissues (Sarkanen and Ludwig, 1971). Variation of colour with Acridine/Chrysoidin 
indicated the development from immature to mature tissues. Red to deep red colour for immature 
to mature cells with Wiesner test showed the presence of guaiacyl lignin units (Kuehbauch, 
1985) which was also confirmed by the strong dark brown colour with Mäule test (Parham and 
Cote, 1971). The positive red staining with the Wiesner test indicated the presence of guaiacyl 
lignin types due to the reaction with coniferylaldehyde, and also with cinnamaldehyde end-
groups in the lignin molecule (Sarkanen and Ludwig, 1971; Srivastava, 1966). Guaiacyl (G) is 
the phenylpropanoid unit derived from one of the hydroxycinnamyl alcohol and this G unit is 
incorporated into the lignin polymer. The low level of total aldehydes detected by oxidation 
analysis of the brownish tissue after Mäule test throughout the whole season of M. giganteus also 
suggested a reduced proportion of syringyl units in the tissue (Monties, 1989). Taken together, 
all of the histochemical staining reactions were useful in providing indications of the varying 
content of lignin at different months and showed the highest degree of lignification at maturity 
(after October). 
 
Knowledge of the different growth stages and the development of lignin are relevant to 
investigating the enzymatic cell wall saccharification of M. giganteus. From the discussion in 
Chapter 4, it is clear that the highest saccharification yield in July was due to low lignin content 
and this follows a decline in soluble glucose yield in August and September which means 
glucose is utilized in different growth and metabolic processes which is essential for cell wall 
thickness (secondary cell wall deposition) and maturity (Kaichi and Hiroshi, 1955). Later on, 
free glucose in plant increases which is apparent from the higher saccharification yield in 
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October at the onset of maturity (Besle et al., 1994; Jung, 1989; Markku and Pahkala, 2007). 
After maturity of the plant, there is no more growth processes occurrence, as at this stage, the 
plant attains highest degree of lignification which lead to lower saccharification yield in the 
months after October. Another reason for the reduced glucose yield is the high level of 
lignification of the plant. Development stages within the shoot of M. giganteus also affected 
saccharification yield, as the bottom internode (2) being mature gave the highest glucose yield 
compared to the upper internodes (Klimeš, 1999) which is immature and still developing.  
However, the upper internodes produced more glucose than the middle internodes because these 
internodes were less lignified than the middle ones supporting the idea of Le et al. (2010) and 
Tomoko et al. (2009) who also observed higher saccharification yield in upper internodes. 
Results also showed that different plantation sites did not affect saccharification yield in UK and 
the ‗step down‘ in enzymatic saccharification glucose yields in M.giganteus  in November is not 
due to residual flowering behaviour of M. giganteus in UK, as saccharification results of the 
flowering species were similar to  those of M. giganteus. This study has an important implication 
for M. giganteus as a future lignocellulosic biofuel crop. In a comparative study on 
saccharification of different feedstocks, M. giganteus was found to have higher glucose yield 
than Pine and one genotype of willow (Brereton et al., 2010). 
 
From the discussion in Chapter 5, it is clear that the cellulase enzyme degraded different tissues 
and cells at different harvesting dates. Results of this experiment complement those of 
lignification and tissue development. These results show that the highest degradability of the cell 
walls occurred during the cell wall expansion stage (in July) when lignin content was lowest. It is 
obvious that at this stage the substrate was highly accessible to the enzymes. At the time when 
the crop was fully mature and lignified, general degradation of tissues and saccharification was 
low. Thin sections of 2 µm were particularly useful to show degradation of the more recalcitrant 
cells like the scelerenchyma fibre cells and even some cortex cells. The results of the current 
research are in line with the findings of Gierlinger et al. (2008) who also found young hardwood 
trees with high proportion of G-layer more accessible to degradation than old trees. 
 
As discussed in chapter 6, it is apparent that different growth stages, development of lignification 
and harvesting months also significantly affected the production of starch in M. giganteus. Starch 
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observed in August-September was low due to the fact that high demand of growing tissues for 
photosynthesis leaves little opportunity for starch synthesis. Afterwards starch started 
accumulating in parenchyma cells reaching a maximum at maturity in October and afterwards 
continued to decline probably due to the reason that starch is hydrolysed to glucose which might 
be retranslocated to rhizome. Starch content observed in different geographic locations 
significantly differed, indicating that different climates affect starch production in the plant. 
Starch content also differed at different regions within the stem of plant. The bottom internodes 
were mature therefore showed maximum starch yield and the upper internodes which were 
developing and growing showed lower starch production. These results corroborate the findings 
of Kaichi and Hiroshi (1955) and Koussa et al. (2005 ) who reported that activity of amylase 
enzyme is low in the bottom (mature) internodes and high in the upper (younger) internodes 
therefore producing high starch in the bottom internodes and low in younger internodes. 
 
The research presented in this study has been integrated into the working model in Figure 7.1 to 
show the relationships between the various growth stages and development of lignification with 
enzymatic saccharification yield, starch production and degradation of tissues and cells. The 
increase in thickness of cell walls of parenchyma and fibre cells is shown in relation to the four 
temporal developmental stages defined. It also showed the maximum total biomass yield, starch, 
cell wall saccharification yield (10.32 %), high degradation of cell walls, low lignin content and 
maximum glucan (%) in stage 2 in October and then in the fully mature cells developed in stages 
3 and 4 with the decline noted in yields of total biomass, starch and glucose by enzymatic 
saccharification yield as lignin content attained a maximum level.  
 
In summary, taking all the results obtained in the present study together, October is indicated to 
be potentially the most favourable month for harvesting M.giganteus in order to get maximum 
glucose from cellulose and starch for the production of biofuel. Consideration of this as a 
potential management policy for M. giganteus for biofuel production will require further 
assessment of aspects like  accounting for sufficient re-translocation of reserves for rhizome 
storage and following year crop growth, fertilizer requirement to balance crop off-take, aspects 
of moisture content and biomass transport and many other attributes. Nevertheless, the present 
work has indicated clearly that there may be (substantial) benefit to an earlier harvesting of M. 
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giganteus as a feedstock for biofuel applications than is conventionally practiced  when 
harvested for heat and power applications.   
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Figure 7.1: A Working model for understanding the optimal stem qualities of M. giganteus for bioethanol production based on Histochemical staining tests and 
saccharification yield analyses. Temporal developmental stages of internode 2 are shown on the left with green color  in this figure. Cell wall developments of Fibres and 
Parenchyma cells at four temporal stages was seen with Phloroglucinol in column 2, and 3, and average thickness of combined cell walls was measured with Image J 
analyser. In stage 2, and 3, maximum starch granules were observed with Lugol’s’s solution. Glucose hydrolysed from cellulose was maximum at stage 1, and 2.  Starch 
content was also maximum in stage 2. CHO detected by PAS reaction was maxium in stage 3, & 2. Lignin content was lower in stage 1, higher in stage 3, and highest in 
4. It is proposed that stage 2 of development (in late October) was proved to be the ideal stage for higher bioethanol yield when maxium cellulose, CHO, and starch can 
be hydrolysed.  Asterisks ( * ) show level of chemical components. One * show less and with the increase in number of *** shows high content of components. 
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7.2 Conclusions 
It can be concluded from the current study that the rate and extent of tissue development in the 
stem of M. giganteus varied substantially with time in the growing season and with location 
within the stem. Based on the range of observations made and literature reports in relevant plant 
species, four temporal stages were defined in the present study for the stem development of M. 
giganteus i.e. cell wall expansion, cell wall thickness, maturation and senescence. Production of 
starch and enzymatic saccharification yield of the crop also varied during these stages of 
development and enzymatic glucose release was higher in the month of October at the time when 
the crop was attaining maturity and after which the glucose release started to decline most likely 
due to re-translocation of nutrients to the rhizomes to subsidise the next spring growth. The 
bottom internodes of the stem being mature also showed higher saccharification yield and starch 
production than the upper internodes. Enzymatic saccharification yield of M. giganteus is higher 
than Pine and also comparable with other biothanol feedstock authenticating it to be one of the 
best biofuel crops in future. Total biomass yield increased gradually starting from June and was 
maximal in October and then declined. Taken together, the findings of the current study indicate 
October as   the ‗best‘ harvesting time to get maximum cellulosic-glucose and starch-glucose in 
order to produce biofuel from M. giganteus. 
 
7.3   Future Work 
Future research should investigate  
 A more highly resolved timescale for the deposition of secondary cell wall between the 
cell wall expansion and maturation stage.  
 Ultrastructure of different layers of secondary cell walls under electron microscope.  
 Effect of various locations from different countries having diverse climatic and soil zones 
at different harvesting dates on saccharification, starch production and cell wall 
characteristics.  
  Saccharification yield and non-structural carbohydrates (starch, sucrose) at different 
months in stem together and simultaneously with its respective rhizome. This would be 
very helpful to enhance our understanding of the dynamics of nutrient mobilization from 
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rhizome to shoot in the early part of growing season and nutrient re-translocation from 
the shoot to rhizome at the time of senescence.  
 The current developed technique of degradation of different tissues and cells would serve 
as a base for future studies to screen optimum incubation temperature and enzyme 
concentrations. 
 The potential of saccharifying biomass of M. giganteus after appropriate pretreatment to 
yield a target level of ~70% glucose release and the effects of pretreatment (including 
varying severity)/crop development interaction on biofuel yields.  
 A comprehensive study of saccharification after appropriate pretreatment among different 
bioethanol feedstocks and different genotypes of M. giganteus in September, October and 
November harvested materials will be very helpful to investigate the comparative 
potential of M. giganteus in future. 
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9. APPENDIX 
Table 9.1: ANOVA statistical analysis for Enzyme derived glucose % (ODW) determined at different heights 
within stem of  M. giganteus in September 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
57.83 5 11.56 21.07 0.00000 2.62 
Error 13.17 24  0.54    
Total 71.00 29     
 
Table 9.2: ANOVA statistical analysis for free glucose % (ODW) determined at different heights within stem 
of  M. giganteus in September 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
61.91 5 12.38 28.87 0.0000 2.62 
Error 12.29 24 0.42    
Total 72.20 29     
 
Table 9.3: ANOVA statistical analysis for Total glucose % (ODW)  determined at different heights within 
stem of  M. giganteus in September 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
45.61 5 9.12 16.32 0.000 2.62 
Error 13.41 24 0.55    
Total 59.02 29     
 
Table 9.4: ANOVA statistical analysis for Enzyme derived glucose % (ODW) determined at different heights 
within stem of  M. giganteus in October 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
15.80 5 3.16 3.31 0.02 2.62 
Error 22.85 24 0.95    
Total 39.66 29     
 
Table 9.5: ANOVA statistical analysis for free glucose % (ODW) determined at different heights within stem 
of  M. giganteus in October 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
34.07 5 6.81 4.01 0.008 2.62 
Error 40.69 24 1.69    
Total 74.77 29     
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Table 9.6: ANOVA statistical analysis for Total glucose % (ODW) determined at different heights within 
stem of  M. giganteus in October 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
45.69 5 9.13 2.11 0.09 2.62 
Error 103.93 24 4.33    
Total 149.63 29     
 
Table 9.7: ANOVA statistical analysis for Enzyme derived glucose % (ODW) determined at different heights 
within stem of  M. giganteus in November 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
4.45 5 0.89 3.15 0.02 2.62 
Error 6.77 24 0.28    
Total 11.22 29     
 
 
Table 9.8: ANOVA statistical analysis for free glucose % (ODW) determined at different heights within stem 
of  M. giganteus in November 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
8.25 5 1.65 3.46 0.01 2.62 
Error 11.44 24 0.47    
Total 19.70 29     
 
Table 9.9: ANOVA statistical analysis for Total glucose % (ODW) determined at different heights within 
stem of  M. giganteus in November 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
20.51 5 4.10 7.93 0.000 2.62 
Error 12.41 24 0.51    
Total 32.92 29     
 
Table 9.10: ANOVA statistical analysis for Enzyme derived glucose % (ODW) determined at different 
heights within stem of  M. giganteus in January  
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
4.95 5 0.99 3 0.03 2.62 
Error 7.92 24 0.33    
Total 12.88 29     
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Table 9.11: ANOVA statistical analysis for free glucose % (ODW) determined at different heights within 
stem of  M. giganteus in January  
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
27.70 5 5.54 2.92 0.03 2.62 
Error 45.45 24 1.89    
Total 73.15 29     
 
Table 9.12: ANOVA statistical analysis for Total glucose % (ODW) determined at different heights within 
stem of M. giganteus in January  
Source of 
variation 
SS df MS F P-Value F crit 
Between 
Internode 
49.20 5 9.84 3.05 0.02 2.62 
Error 77.40 24 3.22    
Total 126.60 29     
 
Table 9.13: Two way ANOVA for Enzyme derived glucose (EDG) in different months and between different 
internodes for their interaction on saccharification yield 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 11.51 3 3.83 5.98 0.001 2.69 
Between 
Internode 
39.42 5 7.88 12.29 0.000 2.30 
Months× Internode 48.34 15 3.22 5.02 0.000 1.77 
Error 61.55 96 0.64    
Total 160.82 119     
 
Table 9.14: Two way ANOVA for Soluble glucose in different months and between different internodes for 
their interaction on saccharification yield 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 96.36 3 32.12 28.61 0.000 2.69 
Between 
Internode 
94.44 5 18.89 16.82 0.000 2.30 
Months× Internode 37.47 15  2.49 2.22 0.000 1.77 
Error 107.77 96 1.123    
Total 336.04 119     
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Table 9.15: Two way ANOVA for Soluble glucose in different months and between different internodes for 
their interaction on saccharification yield 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 81.42 3 27.14 12.51 0.000 2.69 
Between 
Internode 
174.40 5 34.88 16.08 0.000 2.30 
Months× Internode  28.90 15 1.92  0.88 0.579 1.77 
Error 208.17 96 2.16    
Total 492.91 119     
 
Table 9.16: ANOVA statistical analysis for Enzyme derived glucose % (ODW) in  M. giganteus from different 
locations in September 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
2.94 2 1.47 1.86 0.18 3.68 
Error 11.83 15 0.78    
Total 14.77 17     
  
Table 9.17: ANOVA statistical analysis for free glucose % (ODW) in  M. giganteus from different locations in 
September 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
9.01 2 4.50 5.53 0.01 3.68 
Error 12.21 15 0.81    
Total 21.22 17     
 
Table 9.18: ANOVA statistical analysis for Total glucose % (ODW) in  M. giganteus from different locations 
in September 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
12.64 2 6.32 2.79 0.09 3.68 
Error 33.97 15 2.26    
Total 46.62 17     
 
 
Table 9.19: ANOVA statistical analysis for Enzyme derived glucose % (ODW) in  M. giganteus from different 
locations in October 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
1.31 3 0.43 1.16 0.34 3.09 
Error 7.53 20 0.37    
Total 8.85 23     
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Table 9.20: ANOVA statistical analysis for soluble glucose % (ODW) in  M. giganteus from different locations 
in October 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
13.18 3 4.39 2.41 0.09 3.09 
Error 36.40 20 1.82    
Total 49.59 23     
 
Table 9.21: ANOVA statistical analysis for Total glucose % (ODW) in  M. giganteus from different locations 
in October 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
16.22 3 5.40 2.30 0.10 3.09 
Error 47.02 20 2.35    
Total 63.25 23     
 
Table 9.22: ANOVA statistical analysis for Enzyme derived glucose % (ODW) in M. giganteus from different 
locations in November 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
4.55 3 1.51 2.92 0.059 3.09 
Error 10.40 20 0.52    
Total 14.96 23     
 
 
Table 9.23: ANOVA statistical analysis for soluble glucose % (ODW) in  M. giganteus from different locations 
in November 
Source of 
variation 
SS Df MS F P-Value F crit 
Between 
locations 
13.23 3 4.41 7.95 0.001 3.09 
Error 11.10 20 0.55    
Total 24.33 23     
 
Table 9.24: ANOVA statistical analysis for Total glucose % (ODW) in M. giganteus from different locations 
in November 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
32.18 3 10.72 9.70 0.000 3.09 
Error 22.11 20 1.10    
Total 54.29 23     
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Table 9.25: ANOVA statistical analysis for Enzyme derived glucose % (ODW) in M. giganteus from different 
locations in January 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
0.19 3 0.064 0.56 0.64 3.09 
Error 2.28 20 0.11    
Total 2.47 23     
 
Table 9.26: ANOVA statistical analysis for soluble glucose % (ODW) in M. giganteus from different locations 
in Janaury 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
10.38 3 3.46 2.59 0.08 3.09 
Error 26.71 20 1.33    
Total 37.09 23     
 
Table 9.27: ANOVA statistical analysis for Total glucose % (ODW) in M. giganteus from different locations 
in January 
Source of 
variation 
SS df MS F P-Value F crit 
Between 
locations 
10.03 3 3.34 1.72 0.19 3.09 
Error 38.77 20 1.93    
Total 48.80 23     
 
Table 9.28: Two way ANOVA for Enzyme derived glucose in different months and between different 
locations for their interaction on saccharification yield 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 3.11 3 1.03 2.38 0.07 2.75 
Between 
Loctions 
2.41 3 0.80 1.84 0.14 2.75 
Months× Loctions 4.70 8 0.58 1.35 0.23 2.08 
Error 27.44 63 0.43    
Total 37.67 77     
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Table 9.29: Two way ANOVA for soluble glucose in different months and between different locations for 
their interaction on saccharification yield 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 270.39 3 90.13 85.80 0.000 2.75 
Between 
Locations 
9.033 3 3.01 2.86 0.04 2.75 
Months× 
Locations 
69.93 8 8.74 8.32 0.000 2.08 
Error 66.18 63 1.05    
Total 415.55 77     
 
Table 9.30: Two way ANOVA for total glucose in different months and between different locations for their 
interaction on saccharification yield 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 311.58 3 103.86 59.34 0.000 2.75 
Between 
Locations 
2.72 3 0.908 0.519 0.671 2.75 
Months× 
Locations 
101.81 8 12.72 7.27 0.000 2.08 
Error 110.26 63 1.75    
Total 526.39 77     
 
Table 9.31: ANOVA statistical analysis for Enzyme derived glucose % (ODW) determined in different 
months within stem of M. sacchariflorus  
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 883.55 5 176.71 57.18 0.000 2.53 
Error 92.70 30 3.09    
Total 976.26 35     
 
 
Table 9.32: ANOVA statistical analysis for free glucose % (ODW) determined in different months within 
stem of M. sacchariflorus  
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 63.34 5 12.66 64.97 0.000 2.53 
Error 5.85 30 0.195    
Total 69.19 35     
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Table 9.33: ANOVA statistical analysis for Total glucose % (ODW) determined in different months within 
stem of M. sacchariflorus  
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 935.98 5 187.19 60.01 0.000 2.53 
Error 93.57 30 3.11    
Total 1029.55 35     
 
Table 9.34: ANOVA statistical analysis for Enzyme derived glucose % (ODW) determined in different 
months within stem of M. sinensis  
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 513.99 5 102.79 32.47 0.000 2.53 
Error 94.96 30 3.16    
Total 608.95 35     
 
 
Table 9.35: ANOVA statistical analysis for free glucose % (ODW) determined in different months within 
stem of M. sinensis 
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 28.52 5 5.70 24.07 0.000 2.53 
Error 7.10 30 0.23    
Total 35.63 35     
 
 
Table 9.36: ANOVA statistical analysis for Total glucose % (ODW) determined in different months within 
stem of M. sinensis  
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 522.76 5 104.55 29.91 0.000 2.53 
Error 104.84 30 3.49    
Total 627.60 35     
 
Table 9.37: Two way ANOVA for Enzyme derived glucose % (ODW) determined among different species 
Miscanthus in different months  
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 311.83 4 77.96 35.15 0.00 2.49 
Between Species 18.94 2 9.47 4.27 0.01 3.11 
Months× Species 271.43 8 33.92 15.30 0.00 2.06 
Error 166.29 75 2.21    
Total 768.51 89     
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Table 9.38: Two way ANOVA for Soluble glucose % (ODW) determined among different species of 
Miscanthus in different months  
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 98.26 4 24.56 56.69 0.00 2.49 
Between Species 36.66 2 18.33 42.31 0.00 3.11 
Months× Species 69.03 8 8.62 19.91 0.00 2.06 
Error 32.5 75 0.43    
Total 236.46 89     
 
Table 9.39: Two way ANOVA for Total glucose % (ODW) determined among different species of Miscanthus 
in different months  
Source of 
variation 
SS df MS F P-Value F crit 
Between Months 245.98 4 61.49 24.72 0.00 2.49 
Between Species 15.31 2 7.65 3.07 0.052 3.11 
Months× Species 395.86 8 49.48 19.89 0.00 2.06 
Error 186.51 75 2.48    
Total 843.68 89     
 
 
Table 9.40: Mean glucose values as percentage of ODW in internode 3 over the growing season in year 2007. 
The table refers to the significant difference at P = 0.05 with LSD values. Values followed by the same lower 
case letters do not differ significantly. 
 
Months Enzyme Derived 
Glucose (% ODW) 
Soluble Glucose (% 
ODW) 
Total glucose  (% 
ODW) 
July 5.62  a 7.23  a 12.85  a 
August 4.49  af 6.47  abc 10.97  ab 
September 6.27  a 5.57  bc 11.85  ab 
October 4.97  ag 5.52  c 10.50  b 
November 2.98  bfh 3.30  d   6.29  cdef 
December 3.00  cfh 3.99  efg   7.00  def 
January 2.61  dh 3.60  fg   6.21  ef 
February 3.44  efgh 3.35  g   6.79  f 
LSD 1.59 1.03   2.02   
 
Table 9.41: Mean glucose values as percentage of ODW in internode 3 over the growing season in year 2008. 
The table refers to the significant difference at P = 0.05 with LSD. Values followed by the same lower case 
letters do not differ significantly. 
 
Months Enzyme Derived 
Glucose (% ODW) 
Soluble Glucose (% 
ODW) 
Total glucose  (% 
ODW) 
July 10.73  a 4.27  a 15.01  a 
August   6.46  bd 3.92  a 10.39  bc 
September   4.67  ce 4.23  a   8.90  c 
October   6.49  d 5.56  b 12.09  d 
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November   3.04  efgh 2.78  cdef   5.83  efg 
December   2.28  fgh 2.93  def   5.22  fgh 
January   2.24  gh 2.93  ef   5.17  gh 
February   1.79  h 2.21  f   4.01  h 
LSD 1.68 0.85   1.65 
 
Table  9.42: Comparison of Glucose release (%) between year 2007 and year 2008 in internode 2 over the 
growing season. The table refers to the significant difference at P = 0.05 with LSD. Values followed by the 
same lower case letters do not differ significantly. 
 
Months Enzyme derived Glucose 
(%) 
Soluble Glucose release 
(%) 
Total glucose release in 
dry matter (%) 
 Year 2007 Year 2008 Year 2007 Year 2008 Year 2007 Year 2008 
July 5.62  a 10.73 a  7.22  a 4.27 a 12.85 a 15.00 a 
August 4.49abcde   6.46 bcd 6.47  abc 3.92 ade 10.96 ab 10.39 bcd 
September 6.26  a   4.66 ce 5.57  bc 4.23 a 11.84 ab   8.90 c 
October 4.97  ae   6.49 d 5.52  c 5.55 b 10.49 b 12.05 d 
November 2.98  bcd  3.03 efgh 3.29  defg 2.78 cdef   6.28 cdef   5.82efgh 
December 3.00  cde   2.28 fgh 3.99  efg 2.93 def   6.99 def   5.21 fgh 
January 2.77  de   2.23 gh 3.59  fg 2.92 ef   6.37 df   5.16 gh 
February 3.53  e   1.78 h 3.34  g 2.21 f   6.88 f   4.00 h 
LSD 1.81 1.81 1.00 1.00 2.09 2.09 
 
Table 9.43: Glucose release (%) in internode 2 and internode 4 over the growing season in year 2008. The 
table refers to the significant difference at P = 0.05 with LSD. Values followed by the same lower case letters 
do not differ significantly. 
 
Months 
Enzyme derived Glucose 
(%) 
Soluble Glucose release (%) Total glucose (%) 
 Internode 2 Internode 4 Internode 2 Internode 4 Internode 2 Internode 4 
July 9.69   7.49  a 3.66  a 4.51  a 13.36  a 12.02  a 
August 8.06   6.97  ac 2.24  b 1.83  b 10.32  bc   8.81  b 
September 7.10   4.90  b 3.82  a 3.42  c 10.93  ac   8.33  bc 
October 6.91   5.40  c 2.52  b 1.64  bd   9.44  cd  7.04  bcd 
LSD       - 1.587 0.659 0.803 3.06 1.89 
 
Table 9.44: Glucose as percentage of (ODW) at different heights within stem of M. giganteus in September. 
The table refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not 
differ significantly. 
 
Internodes Enzyme derived 
Glucose (%) 
Soluble Glucose 
release (%) 
Total glucose (%) 
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Internode 2 1.71  a  6.96  a 8.45  a 
Internode 3 1.50  a   6.34  a 7.85  a 
Internode 6 1.32  a 4.15  bcd 5.48  b 
Internode 7 1.12  a 4.17  cd 5.30  bc 
Internode 10 3.13  b 3.68  de 6.82  d 
Internode 11 5.05  c 2.98  e 8.03  a 
LSD 0.79 0.70 0.79 
 
Table 9.45: Glucose as percentage of (ODW) at different heights within stem of M. giganteus in October. The 
table refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not 
differ significantly. 
 
Internodes Enzyme derived 
Glucose (%) 
Soluble Glucose 
release (%) 
Total glucose (%) 
Internode 2 3.23  a 7.77  a   11.00 
Internode 3 1.54  b 6.69  ad   8.23 
Internode 6 1.49  b 4.51  bc   6.00 
Internode 7 1.62  b 5.32  ce   6.94 
Internode 10 0.83  b 6.90  af   7.73 
Internode 11 1.69  b 6.25  def   7.94 
LSD 1.03 1.37  NS 
 
Table 9.46: Glucose as percentage of (ODW) at different heights within stem of M. giganteus in November. 
The table refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not 
differ significantly. 
 
Internodes Enzyme derived 
Glucose (%) 
Soluble Glucose 
release (%) 
Total glucose (%) 
Internode 2 2.03  a 5.05  a 7.09  a 
Internode 3 1.32  bcd 4.06  b 5.38  bde 
Internode 6 1.21  cd 3.38  b 4.59  cg 
Internode 7 1.24  d 3.68  b 4.92  dg 
Internode 10 1.91  a 3.78  b 5.69  ef 
Internode 11 2.10  a 4.10  b 6.21  f 
LSD 0.56 0.73 0.76 
 
 
Table 9.47: Glucose as percentage of (ODW) at different heights within stem of M. giganteus in January. The 
table refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not 
differ significantly. 
 
Internodes Enzyme derived 
Glucose (%) 
Soluble Glucose 
release (%) 
Total glucose (%) 
Internode 2 2.81  a 6.01  a 8.82  a 
Internode 3 1.82  bcde 4.46  b 6.28  b 
Internode 6 1.65  cde 3.33  b 4.99  b 
Internode 7 1.91  de 3.82  b 5.73  b 
Internode 10 1.99  ef 3.09  b 5.08  b 
Internode 11 2.50  af 3.82  b 6.33  b 
LSD 0.60  1.45 1.89 
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Table 9.48: Post hoc least significant difference test (LSD) for estimated marginal means of enzyme derived 
glucose in different months. The table refers to the significant difference at P = 0.05. Values followed by the 
same lower case letters do not differ significantly. 
 
 Months 
September 2.31  a 
October 1.58  b 
November 1.64  c 
January 2.12  d 
LSD 0.81 
 
Table 9.49: Post hoc least significant difference test (LSD) for estimated marginal means of enzyme derived 
glucose in different internodes. The table refers to the significant difference at P = 0.05. Values followed by 
the same lower case letters do not differ significantly. 
 
 Internodes 
Internode 2 2.45  ac 
Internode 3 1.55  b 
Internode 6 1.42  b 
Internode 7 1.24  b 
Internode 10 1.97  abc 
Internode 11 2.84  ac 
LSD 0.81 
 
Table 9.50: Post hoc least significant difference test (LSD) for estimated marginal means of Soluble glucose in 
different months. The table refers to the significant difference at P = 0.05. Values followed by the same lower 
case letters do not differ significantly. 
 
 Months 
September 4.72  a 
October 6.24  b 
November 4.01  a 
January 4.09  a 
LSD 1.07 
 
Table 9.51: Post hoc least significant difference test (LSD) for estimated marginal means of Soluble glucose in 
different internodes. The table refers to the significant difference at P = 0.05. Values followed by the same 
lower case letters do not differ significantly. 
 
 Internodes 
Internode 2 6.45  a 
Internode 3 5.39  ac 
Internode 6 3.85  c 
Internode 7 4.25  c 
Internode 10 4.37  c 
Internode 11 4.29  c 
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LSD 1.07 
 
 
Table 9.52: Post hoc least significant difference test (LSD) for estimated marginal means of Total glucose in 
different months. The table refers to the significant difference at P = 0.05. Values followed by the same lower 
case letters do not differ significantly. 
 
 Months 
September 7.03  acd 
October 7.83  a 
November 5.65  cd 
January 6.21  d 
LSD 1.49 
 
Table 9.53: Post hoc least significant difference test (LSD) for estimated marginal means of Total glucose in 
different internodes. The table refers to the significant difference at P = 0.05. Values followed by the same 
lower case letters do not differ significantly. 
 
 Internodes 
Internode 2 8.90  a 
Internode 3 6.94  bdef 
Internode 6 5.27  cdg 
Internode 7 5.50  dh 
Internode 10 6.34  eghk 
Internode 11 7.13  fk 
LSD 1.49 
 
Table 9.54: Free glucose %(ODW) in M. giganteus from different locations in September. The table refers to 
the significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
Locations  
CS 408 6.35  a 
CS 546 5.39  b 
Silwood 7.12  c 
LSD 0.95 
 
Table 9.55: Free glucose % (ODW) in M. giganteus from different locations in November. The table refers to 
the significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
Locations Free Glucose (%) Total glucose (%) 
CS 408 4.04  a 5.35  a 
CS 546 5.05  b 6.51  b 
Silwood 4.66  ab 5.98  ab 
IBERS 6.09  c 8.45  c 
LSD 0.72 1.02 
 
Table 9.56: Post hoc least significant difference test between different months. The table refers to the 
significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
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 Months 
September 6.28  a 
October 6.38  a 
November 5.01  b 
January 1.73  c 
LSD 1.05 
 
 
 
Table 9.57: Post hoc least significant difference test between different locations. The table refers to the 
significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
 Locations 
CS 408 5.39  a 
CS 546 4.62  ab 
IBERS 4.04  bc 
SILWOOD 4.79  ac 
LSD 1.05 
 
 
Table 9.58: Post hoc least significant difference test between different months. The table refers to the 
significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
 Months 
September 6.28  a 
October 6.38  a 
November 5.01  b 
January 1.73  c 
LSD 1.05 
 
Table 9.59: Glucose as percentage of (ODW) determined in different months within stem of M. sacchariflorus. 
The table refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not 
differ significantly. 
 
Months Enzyme derived 
Glucose (%) 
Soluble Glucose 
release (%) 
Total glucose (%) 
June 16.74  a 3.12  a 19.87  a 
July   3.06  bcef 1.22  b   4.29  b 
August   3.30  cef 2.16  c   5.47  b 
September   5.20  de 4.41  d   9.62  c 
October   4.51  e 4.41  d   8.93  ce 
November   2.36  f 4.87  e   7.23  e 
LSD 1.69 0.42 1.70 
 
Table 9.60: Glucose as percentage of (ODW) determined in different months within stem of M. sinensis. The 
table refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not 
differ significantly. 
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Months Enzyme derived 
Glucose (%) 
Soluble Glucose 
release (%) 
Total glucose (%) 
June 12.73  a 2.76  a 15.50  a 
July   8.33  bd 2.28  b 10.61  bd 
August   3.23  cef 3.11  a   6.34  cf 
September   6.74  d 4.23  ce 10.98  d 
October   2.70  e 1.63  d   4.34  e 
November   2.02  fe 3.88  e   5.91  fe 
LSD 1.71 0.46 1.80 
 
Table 9.61: Enzyme derived Glucose as percentage of (ODW) determined in different months. The table 
refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not differ 
significantly. 
  
Months Enzyme derived 
Glucose (%) 
July 7.30  a 
August 3.07  bde 
September 4.46  c 
October 3.06  de 
November 1.89  e 
LSD 1.39 
 
 Table 9.62: Enzyme derived Glucose as percentage of (ODW) determined among different species . The table 
refers to the significant difference at P = 0.05. Values followed by the same lower case letters do not differ 
significantly. 
 
Species Enzyme derived 
Glucose (%) 
M.  giganteus 3.58  a 
M.  sacchariflorus 3.69  a 
M.  sinensis 4.60  a 
LSD 1.39 
 
Table 9.63: Soluble Glucose as percentage of (ODW) determined in different months. The table refers to the 
significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
  
Months Soluble Glucose (%) 
July 2.32  a 
August 2.55  a 
September 5.00  b    
October 4.14  cd 
November 4.29  d 
LSD 0.61 
 
Table 9.64: Soluble Glucose as percentage of (ODW) determined among different species. The table refers to 
the significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
  
Species Soluble Glucose 
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(%) 
M.  giganteus 4.53  a 
M.  sacchariflorus 3.42  bc 
M.  sinensis 3.03  c 
LSD 0.53   
 
Table 9.65: Total Glucose as percentage of (ODW) determined in different months. The table refers to the 
significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 Months Total Glucose (%) 
July 9.63  a 
August 5.62  bd 
September 9.47  a 
October 7.20  c 
November 6.18  cd 
LSD 1.47 
 
 
Table 9.66: Starch % (ODW) in internode 3 over the growing seasons in year 2008. The table refers to the 
significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
Month Starch % (ODW) 
August 1.36 a 
September 0.83 a 
October 2.66 b 
November 1.19 a 
December 0.84 a 
January 0.84 a 
LSD 0.83 
 
 
Table  9.67: Starch % (ODW) in different locations observed in September 2009 
Different locations Mean  
CS 408 0.714 
CS 546 0.864 
SILWOOD 1.25 
 
Table 9.68: Starch % (ODW) in different locations observed in October, 2009. The table refers to the 
significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly 
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Different locations Mean  
CS 408 3.035  a 
CS 546 1.312  b 
SILWOOD 0.845  b 
IBERS 0.786  b 
LSD 0.97 
 
Table 9.69: Starch % (ODW) at different heights within stem of plant in September, 2009. ANOVA showed 
non significant results 
Internode Mean  
Internode 2 0.65 
Internode 3 0.71 
Internode 6 0.44 
Internode 7 0.38 
Internode 10 0.64 
Internode 11 0.39 
 
Table 9.70: Starch % (ODW) at different heights within stem of plant in October, 2009. The table refers to 
the significant difference at P = 0.05. Values followed by the same lower case letters do not differ significantly. 
 
Internodes Mean  
Internode 2 2.32  a 
Internode 3 3.03  a 
Internode 6 1.14  c 
Internode 7 1.47  ac 
Internode 10 1.66  ac 
Internode 11 1.28  ac 
LSD 1.13 
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10. ANNEX  
 
  
  
      Figure 10.1: M. giganteus standing at Rothamsted in year 2007-08. (a) July  (b) August, (c)September, (d) October 
a b 
c d 
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       Figure 10.2: M. giganteus standing at Rothamsted in year 2007-08. (a) November  (b) December. 
 
a b 
